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Die vorliegende Arbeit befasst sich mit der Synthese und Charakterisierung von nano-
strukturierten Hybridmaterialen. Dabei wird das Prinzip der Zwillingspolymerisation um 
die Reaktion von aminofunktionalisierten Zwillingsmonomeren mit Epoxiden erweitert, 
wodurch ein Zugang zu ternären Hybridmaterialien möglich ist. Durch den Einsatz ei-
nes aminofunktionalisierten Zwillingsmonomers werden verschiedene multifunk-
tionelle Epoxide mit der Zwillingspolymerisation kombiniert und hinsichtlich ihrer Struk-
tur, ihres Reaktionsverhaltens und ihrer thermischen Beständigkeit sowie ihrer 
mechanischen Eigenschaften untersucht. Ein weiterer Schwerpunkt liegt auf der An-
wendung dieser organisch/anorganischen Hybridmaterialien als Vergussmasse in 
faserverstärkten Verbundwerkstoffen. Dabei werden Zwillingsmonomere in mehrere 
Lagen Fasermaterial eingebracht und die resultierenden Werkstoffe hinsichtlich ihrer 
mechanischen Eigenschaften untersucht. Zudem wird eine neue Methode vorgestellt, 
die es ermöglicht die Zwillingspolymerisation durch UV-Bestrahlung zu starten. Die in 
Folge ablaufende radikal-induzierte kationische Frontalpolymerisation bildet ähnliche 
nanostrukturierte Hybridmaterialien, wie sie auch mit kationischer oder thermischer 
Zwillingspolymerisation erhalten werden. Zusätzlich ist es möglich Epoxide in die Fron-
talpolymerisation einzubringen, um so zu einem Hybridmaterial bestehend aus 
Phenolharz, Epoxidharz und Siliziumdioxid zu gelangen. 
Die Charakterisierung der Proben erfolgte unter anderem mithilfe der Festkörper-
NMR-Spektroskopie, Elektronenmikroskopie, dynamischen Differenzkalorimetrie, 
Thermogravimetrie, Nanoindentation und dynamisch-mechanischer Analyse. 
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1 Einleitung und Zielsetzung 
1.1 Einleitung und Motivation 
Kompositmaterialien sind die wichtigste Materialklasse in Natur und Technik. Ohne die 
Kombination von verschiedenen Werkstoffen und damit ihrer Eigenschaften, wären 
Architektur (Stahlbeton), Transport (Reifen), Kommunikation (Leiterplatten) und selbst 
Alltagsgegenstände nicht denkbar. Ein Komposit ist laut IUPAC definiert als ein aus 
mehreren nicht gasförmigen Domänen bestehendes Material, bei dem mindestens 
eine Komponente eine kontinuierliche Phase bildet.[1] Oftmals müssen, um die gefor-
derten Eigenschaften eines Materials zu erreichen, die jeweiligen Komponenten in 
sehr kleinen Domänen verteilt sein. Wenn es sich zusätzlich um eine Mischung von 
organischen und anorganischen Komponenten in einem Bereich von unter 1 Pm han-
delt, spricht man laut Definition von einem Hybridmaterial.[1] Falls eine Komponente 
sich in Größenordnungen von 1–100 nm bewegt, handelt es sich um Nanokomposite 
bzw. nanostrukturierte Hybridmaterialien.[2] Generell ist kondensierte Materie bestrebt 
eine kleine Oberfläche bei großem Volumen zu besitzen, um die Oberflächenenergie 
so gering wie möglich zu halten. Deswegen ist die Synthese von derartigen Materialien 
eine besondere Herausforderung, da bei nanoskaligen Strukturen ein größeres Ober-
fläche-Volumen-Verhältnis vorliegt als bei größeren Domänen. Bei nanostrukturierten 
Hybridmaterialien muss also die Oberflächenenergie überwunden und eine Agglome-
ration der Domänen verhindert werden. Auf die verschiedenen Möglichkeiten derartige 
Materialien zu realisieren, wird im Abschnitt 2.1 eingegangen. 
Bei vielen Anwendungen werden durch Zusatz von Füllmaterialien wie Kohlenstoffna-
noröhren, Graphen, Nanoclays, Fasern oder Siliziumdioxid die Eigenschaften eines 
Polymerharzes hinsichtlich Bruchverhalten, Härte und Steifigkeit verbessert, da das 
reine Harz oft nicht den geforderten Ansprüchen genügt.[3] Die homogene Verteilung 
und Größe der Partikel hat dabei einen signifikanten Einfluss auf die Eigenschaften 
der entstehenden Kompositmaterialien und stellt eines der größten Probleme bei de-
ren Herstellung dar.[4] Oftmals müssen die Partikel vorher in einer Dispersion durch 
Ultraschall, Kalandrieren oder mittels Kugelmühle aufwendig mit dem Monomer ver-
mischt werden, um eine Agglomeration zu verhindern.[3]  
Eine neue Methode zur Synthese von nanostrukturierten Hybridmaterialien ist die Zwil-
lingspolymerisation. Im Gegensatz zum Sol-Gel-Prozess entstehen bei der 
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Zwillingspolymerisation aus nur einem Molekül dem Zwillingsmonomer, zwei Poly-
mere, die ein interpenetrierendes Netzwerk ausbilden.[5] Die organische und 
anorganische Komponente sind im Zwillingsmonomer kovalent gebunden. Während 
der Polymerisation ist, aufgrund der mechanistischen Kopplung der Polymerisations-
reaktionen, die Ausbildung von isolierten Strukturen mit geringer Oberflächenenergie 
stark gehindert. Durch diese räumliche und zeitliche Beschränkung des Wachstums-
prozesses können durch die Zwillingspolymerisation Domänengrößen von 0.5–3 nm 
erreicht werden.[6]  
Das Konzept der Zwillingspolymerisation lässt sich erweitern, wenn zusätzlich Funkti-
onalitäten am Zwillingsmonomer eingeführt werden. Beispielsweise ist es möglich 
aminofunktionalisierte Zwillingsmonomere zu synthetisieren.[7] Diese konnten bereits 
erfolgreich als Haftvermittler zwischen Metall und Kunststoff eingesetzt werden, da die 
Aminogruppen zusätzliche Wechselwirkungen zwischen den Fügepartnern ausbilden 
können.[8,9] Über die NH2-Gruppe ist es zudem möglich, neue molekulare Bausteine in 
das Polymernetzwerk einzubinden. Zum Beispiel sind Präpolymere aus einem amino-
funktionalisierten Zwillingsmonomer und Diisocyanaten zugänglich, die auch nach 
erfolgter Zwillingspolymerisation die Urethanstruktur beibehalten und ein ternäres na-
nostrukturiertes Hybridmaterial ausbilden.[10] Ebenso verhält es sich bei der 
Umsetzung mit multifunktionalen Epoxiden. Durch Additionsreaktionen von Aminen 
mit Epoxiden entstehen Epoxidharze, die vom chemisch resistenten Bodenbelag[11], 
über Flugzeugbau[12], bis hin zu Flüssigkristallen[13] nahezu überall Anwendung finden. 
Durch die Kombination von aminofunktionalisierten Zwillingsmonomeren mit multifunk-
tionalen Epoxiden kann das Problem der homogenen Verteilung silikatischer Füllstoffe 
umgangen werden, da bei der Zwillingspolymerisation bereits in situ nanostrukturiertes 
Siliziumdioxid entsteht. 
1.2 Zielsetzung und Aufgabenstellung 
Ziel dieser Arbeit ist es, die Zwillingspolymerisation und insbesondere die aminofunk-
tionalisierten Zwillingsmonomere und ihre Reaktionen mit Epoxiden zu entwickeln und 
deren potenzielle Anwendungsbereiche zu untersuchen. Eine Übersicht der verwen-






Abbildung 1: Übersicht über die verschiedenen Teilbereiche der Arbeit mit den 
verwendeten Monomeren und ihrer wahrscheinlichen Polymerisationsprodukte. 
 
Insbesondere die Vernetzung mit multifunktionellen Epoxiden in Bezug auf die Reak-
tionsabläufe und Initiierung werden analysiert. Dabei stellt die Polymerisation in 
verschiedenen molaren Verhältnissen und unter unterschiedlichen Bedingungen, so-
wie die anschließende Strukturaufklärung einen Schwerpunkt dar. Besonders die 
Integration von Epoxidharzstrukturen und deren mögliche Auswirkung auf die Nano-
strukturierung des typischen Zwillingspolymerisationsnetzwerkes werden untersucht. 
In einem weiteren Teil der Arbeit wird die Zwillingspolymerisation in verschiedenen 
Anwendungsbereichen eingesetzt. Da die Kombination aus Amin und Epoxid als Ver-
gussharz breite kommerzielle Anwendung erfährt, wird der Einsatz eines Systems, 
bestehend aus aminofunktionalisiertem Zwillingsmonomer mit einem bifunktionellen 
Epoxid, als Harz in Faserverbundwerkstoffen untersucht. Die erhaltenen Prüfkörper 
werden zusätzlich mit einem kommerziell erhältlichen Epoxidharz verglichen, um bes-
sere Aussagen über das Anwendungspotenzial treffen zu können. Eine weitere 
Aufgabe besteht darin, die Zwillingspolymerisation hinsichtlich ihrer Eigenschaften als 
Beschichtungsreagenz zu untersuchen. Dazu werden verschiedene Substrate wie Fo-
lien und Silizium-Wafer verwendet. Es galt zu zeigen, inwiefern sich die Strukturbildung 




Weiterhin wird untersucht, ob es möglich ist die Zwillingspolymerisation, unter Verwen-
dung eines photo- bzw. thermolabilen Initiatorsystems, durch die Einstrahlung von 
Licht zu starten. Die Durchführbarkeit der Frontalpolymerisation eines Zwillingsmono-
mers in Gegenwart eines Epoxids wird mit verschiedenen Verhältnissen der 
Ausgangsstoffe auf Praktikabilität untersucht. Wie im ersten Aufgabengebiet, stellen 
die Strukturaufklärung und die damit verbundene Sicherstellung der Nanostrukturie-




2 Theoretische Grundlagen 
In den folgenden Abschnitten werden zunächst einige Begriffe erläutert, die für die 
vorliegende Arbeit von Bedeutung sind. Im Anschluss wird die Zwillingspolymerisation 
mit besonderem Augenmerk auf funktionalisierte Zwillingsmonomere vorgestellt. Da 
der Schwerpunkt dieser Arbeit auf der Kombination von aminofunktionalisierten Zwil-
lingsmonomeren mit Epoxidharzen liegt, wird auf die Reaktion von Aminen mit 
Epoxiden genauer eingegangen. Zusätzlich wird die Frontalpolymerisation und als 
Sonderform die radikal-induzierte kationische Frontalpolymerisation vorgestellt, wel-
che eine neue Möglichkeit bietet, die Zwillingspolymerisation zu starten. 
2.1 Synthese von organisch/anorganischen Hybridmaterialien 
Für die Synthese von nanostrukturierten, organisch/anorganischen Hybridmaterialien 
haben sich vier Methoden in der Praxis durchgesetzt. 
a) Sol-Gel-Polymerisation von Metallalkoxiden in einer organischen Matrix 
b) Polymerisation von organischen Monomeren in anorganischen Porensyste-
men bzw. Einbringung eines Gels mit einem organischen Polymer 
c) Simultane Polymerisation von organischen Monomeren und Metallalkoxiden 
d) Polymerisation von Reaktanten, die zwei Typen von Funktionalitäten aufwei-
sen und als Präkursoren dienen 
Der Sol-Gel-Prozess (a) benötigt generell nur milde Reaktionsbedingungen und kann 
sowohl sauer als auch basisch katalysiert werden.[14] Je nach angewandter Methode 
entstehen morphologisch unterschiedliche Netzwerke. Bei einer sauren Katalyse fin-
det bevorzugt ein Cluster-Cluster-Wachstum statt, was zu eher losen und weniger 
dichten Netzwerken führt. Die basische Katalyse liefert aufgrund des ablaufenden 
Cluster-Monomer-Wachstums dichtere Netzwerke.[15] 
Die Wechselwirkungen zwischen den beiden Bestandteilen des Hybridmaterials spie-
len eine entscheidende Rolle. Besonders bei sequenziellen Methoden (b) muss darauf 
geachtet werden, dass die Polymerisation des zweiten Bestandteils nicht behindert 
wird, da es sonst schnell zu Inhomogenität oder Phasenseparation kommen kann. 
Eine Möglichkeit ist, Funktionalitäten am entsprechenden Monomer bzw. Precursor 
einzuführen, die mit der vorhandenen Matrix physikalisch oder chemisch wechselwir-
ken. Dabei gilt, je stärker die Wechselwirkungen zwischen den Phasen ist, desto fester 
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ist das entstehende Hybridmaterial.[2] Oft entstehen als Produkte transparente Hybrid-
materialien. 
Eine weitere Möglichkeit zur Gewinnung von Hybridmaterialien stellt die simultane Po-
lymerisation zweier Monomere dar (c).[16] Bei dieser Methode spielen die Kinetik der 
Polymerisationen und die Thermodynamik der Phasenseparation eine entscheidende 
Rolle. Die Reaktionsbedingungen der Polymerisationen müssen so gewählt werden, 
dass sie gleichzeitig und schnell genug ablaufen, um die Phasenseparation zu umge-
hen. Ein großes Problem stellen hierbei die Zwischenprodukte und die oft wässrigen 
Reaktionsbedingungen des Sol-Gel-Prozesses dar, da viele organische Polymerisati-
onen (z.B. ionisch katalysierte) davon negativ beeinflusst werden.  
Ein Ansatz zur Lösung des Problems ist die Polymerisation von Präkursoren oder ei-
nes einzelnen Monomers, welche bereits beide Bausteine des Hybridmaterials enthält 
(d). Eine Möglichkeit sind heterobifunktionelle Monomere, deren Funktionalitäten mit 
unterschiedlichen Katalysatoren polymerisiert werden.[17] Die einzelnen Polymerisati-
onen können entweder gleichzeitig oder nacheinander ablaufen.  
Eine elegantere Methode zur Herstellung organisch/anorganischer Hybridmaterialien 
stellt die Zwillingspolymerisation dar, bei der mit nur einem Katalysator oder thermisch 
induziert beide Fragmente mechanistisch gekoppelt polymerisiert werden können. Auf 
diese Polymerisationsart soll im nachfolgenden Abschnitt eingegangen werden. 
2.2 Die Zwillingspolymerisation 
Bei der Zwillingspolymerisation handelt es sich um eine neuartige Polymerisations-
technik, bei der ausgehend von einem Monomer mithilfe von maximal einem 
Katalysator, mindestens zwei Polymere entstehen. Die Reaktionen verlaufen mecha-
nistisch und somit zeitlich sowie räumlich gekoppelt ab.[5] Daher eignet sich die 
Zwillingspolymerisation zur Synthese von nanostrukturierten, organisch/anorgani-
schen Hybridmaterialien.  
Zwillingsmonomere können nach einer Art Baukastenprinzip synthetisiert und polyme-
risiert werden.[7,18–20] Eine umfassende Übersicht ist von Ebert et al. veröffentlicht 
worden.[21] Die Basis bildet dabei meist ein anorganisches (halb)metallisches Zentral-
atom (M) an welches organische Bauteile (C) kovalent gebunden sind. Daraus ergibt 
sich eine allgemeine Zusammensetzung von M–(C)m. Eine Weiterentwicklung zu den 
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Zwillingsmonomeren Tetrafurfuryloxysilan und 2,2’-Spirobi[4H-1,3,2-benzodioxasilin] 
(SPIRO) stellt das sogenannte Drillingsmonomer 2-Furfuyloxy-2-methyl-4H-1,3,2-ben-
zodioxasilin dar (Abbildung 2).[22]  
 
Abbildung 2: Ausgewählte Vertreter von Zwillings- und Drillingsmonomeren. 
 
Die ersten Arbeiten zur Zwillingspolymerisation befassten sich mit der Polymerisation 
des zuvor aus Tetraethoxysilan und Furfurylalkohol synthetisierten Zwillingsmonomers 
Tetrafurfuryloxysilan.[5] Durch saure Katalyse konnte unter Abspaltung von Wasser ein 
Hybridmaterial, bestehend aus Siliziumdioxid und Polyfurfurylalkohol, erhalten wer-
den. Beim Zwillingsmonomer SPIRO sind zwei Salicylalkohol-Einheiten am 
Zentralatom gebunden, sodass bei der sauer, basisch oder thermisch katalysierten 
Zwillingspolymerisation Siliziumdioxid und Phenolharz entstehen. Beim Drillingsmono-
mer, vorgestellt von Ebert et al.[22], werden bei der sauer katalysierten Polymerisation 
drei verschiedene Polymere: ein Phenolharz, ein Polyfurfurylalkohol und ein Polyme-
thylsilsesquioxan gebildet. Bei basischer Katalyse bilden sich ein Phenolharz und ein 
Polymethylfurfuryloxysiloxan aus.  
Das Zentralatom der Zwillingsmonomere Tetrafurfuryloxysilan und SPIRO weist eine 
Funktionalität von vier auf. Diese lässt sich durch Substitution von Si–O Bindungen mit 
Si–C Bindungen verringern, da diese unter den verwendeten Reaktionsbedingungen 
stabil sind und nicht mit anderen anorganischen Einheiten reagieren können.[7,23] Je 
nach Funktionalität werden vollvernetzte bzw. lineare oder zyklische Polymere erhal-
ten. Senkt man die Funktionalität auf f = 1 kann nur die organische Komponente 
polymerisieren, während die anorganische lediglich zu Dimeren reagieren kann.[24] De-
finitionsgemäß wäre das Monomer in diesem Fall kein Zwillingsmonomer mehr, da 
keine zwei Polymere gebildet werden. 
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Die Zwillingspolymerisation zeigt gegenüber anderen Ansätzen mehrere Vorteile. So 
entfällt beispielsweise ein vorheriges Mischen der Komponenten in einem geeigneten 
Lösungsmittel, da die Polymerisation in Substanz möglich ist. Zudem wird lediglich ein 
Katalysator verwendet und keine zusätzliche Komponente wie z.B. Wasser, für die 
Reaktion benötigt. Durch die mechanistische Kopplung der Prozesse ist auch eine An-
passung der Reaktionsgeschwindigkeiten der Teilreaktionen überflüssig. Im Kontrast 
dazu steht allerdings der höhere Aufwand der Monomersynthese im Vergleich zum 
Sol-Gel-Prozess. 
 
2.2.1 Mechanismen der Initiierung 
 
Die Zwillingspolymerisation von SPIRO lässt sich sauer, basisch und thermisch starten 
und soll im folgenden Abschnitt mechanistisch beschrieben werden. Die Gesamtreak-
tion verläuft bei allen drei Varianten exotherm.[25–27] 
Bei bisherigen Untersuchungen wurde eine ganze Reihe von sauren Katalysatoren wie 
z.B.: Trifluoressigsäure[20], Milchsäure[28], Trifluormethansulfonsäure[29], Methansulfon-
säure[30] und latente Supersäuren[23] verwendet. Der Mechanismus der sauren Kata-
lyse mittels eines Protons (Abbildung 3) wurde erstmals von Spange et. al. 
veröffentlicht und stützt sich auf quantenmechanische Berechnungen.[6,25] 
Dabei wird zunächst ein Proton am benzylischen Sauerstoff gebunden (a) und bildet 
so ein aktiviertes Monomer. Im Anschluss findet die Ringöffnung zwischen dem zuvor 
protonierten Sauerstoff und dem Benzylkohlenstoff statt (b). Es entstehen eine Hydro-
xylgruppe und ein Benzyliumkation aus denen die Dimerbildung auf zwei Wegen 
erfolgen kann. Die Phenolharzbildung mittels elektrophiler Substitution ist gegenüber 
der Siloxanbildung über einen Protonentransfer energetisch bevorzugt (c). Die Ursa-
chen liegen zum einen in der Stabilisierung der positiven Ladung im Ring und zum 
anderen in der elektrostatischen Barriere der partiell negativ geladenen Sauerstoff-
atome, die die Silanolgruppe passieren muss. Nach der Rearomatisierung am Ring, 
durch die Abspaltung eines Protons, wird zunächst ein stabiles Zwischenprodukt ge-
bildet, welches dem nächsten Ringöffnungsprozess zur Verfügung steht. Durch diese 
Reaktionsfolge wird das organische Netzwerk, das Phenolharz, ausgebildet. Die anor-
ganische Komponente entsteht parallel durch Reaktion von verfügbaren Si–OH 
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Gruppen, die eine Siloxanbrücke (Si–O–Si) ausbilden. Zur gleichen Zeit wird die phe-
nolische Si–O-Bindung gespalten und es entsteht mittels Protonentransfer die 
Phenolgruppe des Phenolharzes.  
 
Abbildung 3: Reaktionsmechanismus der sauer katalysierten Zwillingspolymerisa-
tion von SPIRO. 
 
Für den Ablauf des basisch katalysierten Reaktionsmechanismus gibt es 
quantenmechanische Berechnungen, die den Initiierungsprozess in einem einfachen 
ein-Monomer-ein-Anion und einem zwei-Monomer-ein-Anion-Szenario beschrei-
ben.[31] Als Katalysatoren wurden Stickstoffbasen wie 1,8-Diazabicyclo[5.4.0]undec-7-
en (DBU)[22] und 1,4-Diazabicyclo[2.2.2]octan (DABCO)[26] verwendet. Im Gegensatz 
zur sauren Katalyse mittels eines Protons greift die nucleophile Base direkt am 





Abbildung 4: Reaktionsmechanismus der basenkatalysierten Zwillingspolymerisation 
von SPIRO 
 
Wie in Abbildung 4 gezeigt, wird daraufhin die phenolische Si–O-Bindung gespalten 
(b) und ein Phenolat gebildet. Dies ermöglicht die Spaltung der benzylischen Sauer-
stoff-Kohlenstoff-Bindung und ein Chinonmethid sowie ein hochreaktives Silanol 
entstehen (c). Letzteres greift nucleophil am Siliziumatom eines zweiten Monomers 
an. Es kommt zur Ausbildung einer Siloxanbrücke (Si–O–Si) und somit zum Wachstum 
des anorganischen Netzwerkes. Danach greift die Methylengruppe des Chinonme-
thids elektrophil in ortho- oder para-Position des aromatischen Rings an und bildet 
einen V-Komplex (d). Die ortho-Position ist dabei kinetisch favorisiert, da der V-Kom-
plex stabiler und die Aktivierungsenergie für seine Bildung geringer ist.[31] Im 
anschließenden Protonentransfer wird der Ring rearomatisiert und die Hydroxylgruppe 
des Phenolharzes gebildet (e). Zusammenfassend kann gesagt werden, dass bei sau-
rer Katalyse der Zwillingspolymerisation zunächst das organische und parallel das 
anorganische Netzwerk gebildet wird. Bei der basischen Katalyse wird zuerst eine Si-
loxanbrücke ausgebildet, die der Startpunkt des anorganischen Netzwerks ist. Im 
Anschluss werden anorganisches und organisches Netzwerk parallel gebildet. Dies 
zeigt deutlich die mechanistische Kopplung der beiden Polymerisationsprozesse. 
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Der Reaktionsmechanismus der thermisch induzierten Zwillingspolymerisation des 
Zwillingsmonomers SPIRO ist bisher nicht abschließend geklärt. Experimentelle Arbei-
ten wurden von Kempe et al.[27] und Kitschke et al.[33] durchgeführt und später durch 
quantenmechanische Berechnungen unterstützt.[31,34] Im Gegensatz zur sauren oder 
basischen Katalyse werden bei der thermischen Induzierung keinerlei Katalysatoren 
benötigt. SPIRO wird bis zu einer Temperatur von ca. 230 °C erhitzt, bei der es voll-
ständig zu einem Hybridmaterial polymerisiert. Es wurden drei mögliche Ansätze 
untersucht, die zur Induzierung der Zwillingspolymerisation führen können. Die Bildung 
einer aktivierten Monomerspezies kann aufgrund zu hoher Energiebarrieren ausge-
schlossen werden.[31] Darunter fallen auch die Abspaltung eines Chinonmethids aus 
einem Monomer, sowie die Bildung von radikalischen oder zwitterionischen Spezies 
durch homo- bzw. heterolytische Bindungsspaltung, wie sie vom sauer oder basisch 
katalysierten Reaktionsmechanismus bekannt ist. Ein weiterer Ansatz ist die primäre 
Ausbildung eines Dimers mit pentakoordinierten Siliziumatomen, welches die Poly-
merisation startet. Vorgeschlagen wurde dazu ein konzertierter Mechanismus, bei dem 
Salicylalkoholbrücken zwischen zwei Monomeren ausgebildet werden.[31,35] Dieser 
Mechanismus würde allerdings zu anderen, morphologisch völlig verschiedenen Pro-
dukten führen und wurde daher verworfen.[31] Der wahrscheinlichste Ablauf (Abbildung 
5) der thermisch induzierten Zwillingspolymerisation ist, dass aus dem pentakoordi-
nierten Dimer ein ortho-Chinonmethid abgespalten wird (b), welches als hochreaktive 
Spezies die Polymerisation des organischen Netzwerkes startet bzw. Nebenprodukte 
bildet (c). Dabei werden im Laufe der Reaktion phenolische Hydroxylgruppen gebildet, 
die in der Lage sind als schwache Säuren zu fungieren und somit den protonenkataly-
sierten Reaktionsmechanismus zu starten. Die thermische Induzierung beruht daher 
auf der Bildung von Nebenprodukten, die im Reaktionsverlauf Protonen zur Verfügung 
stellen. Sobald diese vorhanden sind, wird die Polymerisation des organischen Netz-
werkes gestartet. Für diesen Mechanismus spricht auch, dass die Hybridmaterialen 




Abbildung 5: Vereinfachte schematische Darstellung des Reaktionsmechanismus 
der thermisch induzierten Zwillingspolymerisation von SPIRO. 
 
2.2.2 Funktionalisierte Zwillingsmonomere 
 
Funktionalisierte Zwillingsmonomere sind definiert als heteromultifunktionelle Mono-
mere, welche mindestens zwei Funktionalitäten besitzen, die zur Zwillingspoly-
merisation fähig sind und mindestens eine funktionelle Gruppe tragen, sodass eines 
der beiden entstehenden Makromoleküle ein funktionelles Polymer ist. Die funktionelle 
Gruppe kann, muss aber nicht polymerisierbar sein.[21] Generell ist es möglich Funkti-
onalitäten, sowohl an der organischen, als auch an der anorganischen Komponente 
eines Zwillingsmonomers einzuführen. Die organische Komponente besteht meist aus 
einem elektronenreichen Ring, bei dem das Substitutionsmuster leicht über elektro-
phile aromatische Substitution geändert werden kann. Außerdem kann auch die 
Brücke zum Zentralatom beispielsweise durch Stickstoff substituiert werden.[36]  
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Weiterhin können funktionelle Gruppen durch Substitution einer Si–O Bindung gegen 
eine Si–C Bindung eingeführt werden. Diese bleibt während der Polymerisation erhal-
ten. Gleichzeitig wird dadurch jedoch die Funktionalität des Zentralatoms gesenkt. Die 
eingeführten funktionellen Gruppen ermöglichen es dem Zwillingsmonomer im Gegen-
zug mit anderen Monomeren zu vernetzen. Dabei ist darauf zu achten, dass die 
eingeführten Funktionalitäten die eigentliche Zwillingspolymerisation nicht behindern. 
Das am meisten erforschte und auch in dieser Arbeit verwendete funktionalisierte Zwil-
lingsmonomer ist 2-(3-Amino-n-propyl)-2-methyl-4H-1,3,2-benzodioxasilin (APSI).[7] 
 
Abbildung 6: Zwillingspolymerisation von 2-(3-Amino-n-propyl)-2-methyl-4H-1,3,2-
benzodioxasilin. 
 
Hier wurde im Vergleich zu SPIRO eine Salicylalkoholeinheit durch eine Methylgruppe 
und ein Propylspacer mit primärer Aminofunktion am Zentralatom des Zwillingsmono-
mers substituiert. Nach erfolgter Zwillingspolymerisation entstehen ein Phenolharz 
sowie ein lineares bzw. zyklisches Polydialkylsiloxan, welches zusätzlich eine primäre 
Aminofunktion trägt (Abbildung 6). Diese ist auch nach der Polymerisation für Folgere-
aktionen zugänglich.[7] Des Weiteren sind ebenfalls Zwillingsmonomere bekannt, die 
eine polymerisierbare Einheit wie beispielsweise Methacrylate tragen, die unabhängig 
von der Zwillingspolymerisation polymerisiert werden können.[37] Einige Beispiele für 
bekannte funktionalisierte Zwillingsmonomere sind in Abbildung 7 gezeigt 
 




Der Fokus dieser Arbeit liegt auf der Kombination des aminofunktionalisierten Zwil-
lingsmonomers APSI mit verschiedenen Epoxiden. 
2.3 Epoxidharze 
Weltweit werden Epoxidharze für Anwendungen in unterschiedlichsten Bereichen ein-
gesetzt, wie z.B. im Fahrzeugbau zur Beschichtung, als Klebstoff oder Werkstoff.[38] 
Als Beschichtung werden Epoxidharze aufgrund ihrer Stabilität gegen Feuchtigkeit und 
Chemikalien, der guten Haftung auf diversen Untergründen und hervorragenden me-
chanischen Eigenschaften verwendet. Besonders als Korrosionsschutz bei Stahl-
bauten im Hochbau oder in der Automobilindustrie als Tauchlacke oder Pulverlacke 
finden sie breite Anwendung und werden in großem Maßstab produziert. In der Elekt-
ronik und Elektrotechnik werden Epoxidharze hauptsächlich als Matrix in 
Verbundwerkstoffen oder als Laminierharze in Platinen eingesetzt.[39] 
 
Abbildung 8: Übersicht über das Wachstum des globalen Epoxidharz-Marktes aus 
Studien von Marktforschungsinstituten.[40] 
 
Der weltweite Markt für Epoxidharze wird laut verschiedenen Marktforschungsinstitu-
ten weiterhin kontinuierlich wachsen (Abbildung 8). Treibende Faktoren sind dabei die 
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wachsende Nachfrage aus dem Leichtbausegment im Flugzeug- und Automobilbau 
sowie der steigende Bedarf aus Asien.[41–43] 
Ein besonders häufig in der Industrie verwendetes Epoxid ist Bisphenol-A-digly-
cidylether (BADGE), welches auch in dieser Arbeit verwendet wurde. Daher soll im 
nächsten Abschnitt speziell auf dieses Epoxid näher eingegangen werden. 
 
2.3.1 Bedeutung und Synthese von Bisphenol-A-diglycidylether 
 
Als Erfinder der Epoxidharze gilt Schlack, der bereits in einem Patent von 1934 die 
Synthese solcher Harze aus BADGE mit verschiedenen Diaminen beschreibt.[44] Der 
Diglycidylether des Bisphenol A wird in großtechnischem Maßstab aus Chlormethyl-
oxiran (Epichlorhydrin) und 2,2-Bis-(4-hydroxyphenyl)-propan (Bisphenol A) 
hergestellt (Abbildung 9).[45] 
 
Abbildung 9: Großtechnische Synthese von Bisphenol-A-diglycidylether und seiner 
Ausgangstoffe Epichlorhydrin und Bisphenol A. 
 
Die erstmalige Herstellung von Epichlorhydrin markiert den Anfang der Geschichte der 
Epoxidchemie. Im Jahr 1856 konnte Berthelot durch die Umsetzung von Glycerin mit 
Phosphortrichlorid Epichlorhydrin synthetisieren.[46] Die heutige großtechnische Syn-
these verläuft ausgehend von Allylchlorid, welches mit hypochloriger Säure umgesetzt 
wird. Im darauffolgenden Schritt wird mit Natriumhydroxid zum Epichlorhydrin zykli-
siert.[47,48] Bisphenol A als zweite Komponente wurde erstmals 1891 von Dianin mittels 
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einer Kondensationsreaktion synthetisiert.[49,50] Die großtechnische Herstellung unter-
scheidet sich in ihren Grundzügen nicht und wird bis heute über die Reaktion von 
Phenol mit Aceton durchgeführt. Die Synthese von BADGE erfolgt durch Erhitzen der 
beiden Komponenten im basischen Milieu. Dabei wird der Epoxidring des Epich-
lorhydrin zunächst nucleophil von einer Hydroxylgruppe des Bisphenol A angegriffen 
und somit geöffnet. Im Anschluss findet eine Eliminierungsreaktion unter Abspaltung 
von Wasser und erneutem Ringschluss statt (Abbildung 9). Die aus BADGE herge-
stellten Epoxidharze finden in vielen Bereichen des täglichen Lebens als Harz oder als 
Beschichtung eine breite Anwendung. Besonders in z.B. Konservendosen oder 
Schraubverschlüssen dienen Epoxidharze auf BADGE-Basis dazu, eine Korrosion des 
Metall bzw. eine Verunreinigung der Lebensmittel zu verhindern.[51] Nachteilig ist je-
doch, dass monomere Bestandteile des Epoxidharzes aus der Beschichtung in 
Lebensmittel gelangen können, die bei der Aufnahme in den Körper toxisch wirken.[52] 
 
2.3.2 Härtung von Epoxiden mit Aminen 
 
Zum Aushärten von Epoxiden werden grundsätzlich verschiedenste Stoffklassen wie 
Anhydride[53], Amide[54], Isocyanate[55,56], Carbonsäuren[57], primäre[58–60], sekun-
däre[61,62], tertiäre Amine[63–65] oder Polyamine[66] verwendet. Industriell kommen 
Mischungen von multifunktionalen Aminen zum Einsatz, da mit dieser Stoffklasse 
hochvernetzte Harze relativ einfach herzustellen sind. In dieser Arbeit erfolgte die Här-
tung des Epoxids mit einem primären Amin, daher wird der Reaktionsmechanismus 
der Reaktion eines Amins mit einem Epoxidring im Folgenden genauer erläutert. 
Prinzipiell gibt es drei mögliche Polymerisationsmechanismen die ablaufen können 
(Abbildung 10): der (a) nicht katalysierte, (b) selbstkatalysierte und (c) alkoholkataly-
sierte Typ.[67] Die jeweils während der Reaktion durchlaufenen Übergangszustände 
wurden mittels DFT-Methoden berechnet und können in zyklische und azyklische Zu-





Abbildung 10: Vereinfachte schematische Darstellung der Reaktionsmechanismen 
der (a) nicht katalysierten, (b) selbstkatalysierten und (c) alkoholkatalysierten Härtung 
eines Epoxids mit einem primären Amin.(angelehnt an [67]) 
 
Alle drei Reaktionen verlaufen nach einem SN2-Mechanismus. Es kommt zunächst zu 
einem nucleophilen Angriff am weniger substituierten Kohlenstoffatom des Epoxidrin-
ges. Dieser wird geöffnet und nach dem anschließenden Protonentransfer, der nahezu 
gleichzeitig bzw. konzertiert abläuft, entstehen ein sekundäres Amin und eine Hydro-
xylgruppe. Bei den katalysierten Mechanismen wird ((b)+(c)) im Übergangszustand 
eine Wasserstoffbrückenbindung vom Ringsauerstoff zu einem Protonendonor aufge-
baut, sodass der Elektronenzug auf das Kohlenstoffatom zusätzlich erhöht wird.[68] Der 
nicht katalysierte Weg hat die höchste Aktivierungsenergie und läuft somit am lang-
samsten ab, gefolgt vom selbstkatalysierten Mechanismus.[67] Mit fortschreitendem 
Umsatz sind allerdings immer mehr Hydroxylgruppen im Reaktionsgemisch vorhan-
den, sodass die Reaktion über den alkoholkatalysierten Weg favorisiert abläuft, der die 
Reaktion zusätzlich beschleunigt und autokatalysiert.[69] Auch durch die Zugabe von 
Alkoholen selbst kann die Reaktion katalysiert werden.[70] Die gebildeten Hydro-
xylgruppen reagieren dabei nicht mit den Epoxiden, vorausgesetzt es wurde ein 
stöchiometrisches Verhältnis von Amin und Epoxid gewählt oder das Amin wurde im 
Überschuss eingesetzt, da die Reaktionsgeschwindigkeit von Amin mit Epoxid deutlich 
höher liegt als die von Alkohol mit Epoxid.[58,71] Das bei der Reaktion entstehende se-
kundäre Amin kann ebenfalls mit einem Epoxidring reagieren und so über den gleichen 
Mechanismus ein tertiäres Amin ausbilden. Die Reaktionsgeschwindigkeiten hängen 
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vom sterischen Anspruch der Substituenten und den elektronischen Effekten am Stick-
stoffatom des Amins ab. In zahlreichen Studien konnte gezeigt werden, dass die 
Reaktionsgeschwindigkeit eines primären Amins in der Regel doppelt so hoch ist, wie 
die eines sekundären Amins.[69] 
Eine weitere wichtige Rolle in der Härtung von Epoxidharzen spielen tertiäre Amine. 
Diese werden meist als Beschleuniger bei niedrigen Temperaturen oder bei Epoxid-
überschuss eingesetzt.[64] Besonders bei niedrigen Reaktionstemperaturen unter 
100 °C läuft die Reaktion der sekundären Hydroxylgruppen aus bereits geöffneten 
Epoxidringen mit Epoxiden gegenüber der Reaktion mit Aminen bevorzugt ab.[63] So 
kann beispielsweise durch den Einsatz von tertiären Aminen wie N,N-Dimethyl-
benzylamin bei der Reaktion von BADGE mit 4,4‘-Diaminophenylmethan oder einem 
Überschuss an Epoxid gegenüber dem Amin dieser Effekt noch gesteigert werden.[72] 
Die Konkurrenzreaktionen der Additionsreaktion zwischen Amin und Epoxid wie Oli-
gomerisierung und Veretherung werden gefördert und es entstehen Harze mit neuen 
Strukturen und längeren Molekülketten, was zu niedrigeren Glasübergangspunkten 
führt.[73] 
 
2.3.3 Epoxidvergussharze als Verbundwerkstoffe 
 
Verbundwerkstoffe, im Besonderen die Faser-Kunststoff-Verbunde (FKV), sind im Be-
reich des Leichtbaus aufgrund ihrer hervorragenden Eigenschaften in Bezug auf 
Festigkeiten und Gewicht nicht mehr wegzudenken.[74] FKV bestehen in der Regel aus 
einer Kombination von mindestens zwei Materialien, der Matrix und der Faser.[75] Die 
Fasern dienen dazu, die mechanischen Eigenschaften eines Kunststoffes, in Hinsicht 
auf Spannungs- und Dehnungsverhalten sowie Festigkeit zu verbessern. Die Matrix 
legt dagegen die chemischen Eigenschaften des Bauteils fest, umschließt die Fasern 
und überträgt so Kräfte zwischen den Einzelfasern.[76] Die Kombinationsvielfalt von 
verschiedenen Polymeren (Thermoplaste, Duroplaste, Elastomere) als Matrix und un-
terschiedlichen Fasern (Material, Dicke, Länge, Schichtanzahl) liefern eine schier 




Epoxidharze werden meist durch Härter wie Polyamine oder Anhydride zu einer duro-
plastischen bei Raumtemperatur meist festen bis hochviskosen Matrix vernetzt. In der 
Industrie werden für derartige FKV hauptsächlich Epoxidharze auf der Basis von Bi-
sphenol A oder Bisphenol F genutzt. Ihr Haupteinsatzgebiet liegt in hochbean-
spruchten Bauteilen in der Luft- und Raumfahrt, Windrädern, Bootsbau, Betonschutz 
sowie bei Hochleistungssportgeräten.[77] Die Gelierung von Harz und Härter findet erst 
bei einem Umsatz von 50–70 % statt, was eine längere Verarbeitungszeit aber auch 
Handhabbarkeit nach sich zieht. Der Polymerschrumpf nach der Härtung beträgt im 
Allgemeinen lediglich 2–5 %, wodurch auch in Formen ausgehärtet werden kann. Es 
wird zusätzlich zwischen Kalthärtern, deren Härtung schon bei ca. 20 °C beginnt und 
Warmhärtern, die bei über 80 °C ausgehärtet werden, unterschieden. Letztere besit-
zen eine höhere mechanische Festigkeit und auch eine höhere Glasübergangs-
temperatur, sind dafür aber oft spröde.[75] Neben der chemischen Beständigkeit und 
des geringen Polymerisationsschrumpfes haben Epoxidharze gute Haft- und Klebeei-
genschaften, die eine gute Matrix-Faser-Anbindung zur Folge haben.[75]  
Als Fasern kommen Naturfasern (z. B. Wolle, Seide, Flachs, Sisal, Hanf, Jute)[78], an-
organische Fasern (z.B. Glas, Basalt, Quarz, Siliziumcarbid, Aluminiumoxid, Bor, 
Asbest), organische Fasern (z.B. Polyethylen, Polypropylen, Kohlenstoff, Polyamid, 
Aramid, Polyester)[79] und auch Metallfasern (z.B. Stahl, Aluminium, Kupfer, Nickel, 
Beryllium, Wolfram)[75] zum Einsatz. Großindustriell werden vor allem Glas-, Kohlen-
stoff- und Aramidfasern verwendet. Die Einbringung in die Matrix kann auf mehrere 
Arten erfolgen. Meist wird jedoch ein Fasergewebe in mehreren Schichten eingebracht 
oder es werden mehrere unidirektionale Schichten verklebt (Abbildung 11), um das 
Bauteil gegen aus verschiedenen Richtungen einwirkende Kräfte zu verstärken. 
 
Abbildung 11: a Unidirektionale Schicht, b Mehrschichtenverbund aus verklebten 




Die Frontalpolymerisation ist ein Polymerisationsprozess, bei dem die Polymerisation 
gerichtet in einer örtlich begrenzten Reaktionszone abläuft.[80] Es wird zwischen drei 
Arten unterschieden: der Photofrontalpolymerisation[81–83], der isothermischen Frontal-
polymerisation[84–86] und der thermischen Frontalpolymerisation.[87–89] Die Photo-
frontalpolymerisation benötigt eine kontinuierliche Bestrahlung (UV-Strahlung), um 
eine Polymerisationsfront zu erzeugen und kann verwendet werden, um graduierte 
optische Materialien herzustellen.[90–92] Bei der isothermischen Frontalpolymerisation 
wird ein polymerer Feststoff in eine Monomer/Initiator-Lösung als Keim eingebracht. 
Der Keim wird im Gemisch angelöst und es entsteht ein Bereich, indem das Polymer 
als hochviskoses Gel vorliegt. Der Initiator zerfällt und startet so die Polymerisation. 
Dabei ist darauf zu achten, dass im Gel-Bereich die Polymerisation aufgrund des 
Trommsdorff-Effekts schneller abläuft und somit auch mehr Wärme frei wird.[92–94] Über 
die Zugabe eines Dotiermittels, wie farbigen Salzen, können graduierte optische Ma-
terialien hergestellt werden, die beispielsweise unterschiedliche Brechungsindizes 
aufweisen.[95,96] Die am meisten verwendete und untersuchte Form ist aber die thermi-
sche Frontalpolymerisation. Voraussetzung ist eine exotherm verlaufende Reaktion 
mit einer hohen Aktivierungsenergie. Zusätzlich muss die Reaktionsgeschwindigkeit 
bei der Initiierung sehr langsam, dafür an der Polymerisationsfront sehr hoch sein.[80] 
Besonders freie radikalische Reaktionen weisen ein derartiges Reaktionsprofil auf und 
können als Frontalpolymerisation ablaufen. Es sind verschiedene Möglichkeiten be-
kannt, um eine thermische Frontalpolymerisationen zu starten. Die einfachste Methode 
ist die Zufuhr von Wärme, wodurch ein thermolabiler Initiator wie beispielsweise Di-
benzoylperoxid zerfällt und so die Reaktion startet.[97,98] Weiterhin kann UV-Strahlung 
verwendet werden, wenn das vorliegende System einen Photoinitiator und einen ther-
misch labilen Initiator beinhaltet.[99] 
 
2.4.1 Radikal-induzierte kationische Frontalpolymerisation 
 
Die radikal-induzierte kationische Frontalpolymerisation ist eine thermische Frontalpo-
lymerisation, die mittels UV-Strahlung gestartet wird und deren Wachstumsschritt 
kationisch abläuft. Derartige Polymerisationen benötigen keine Lösemittel, sind schnell 
und weniger energieaufwendig als thermisch gestartete Polymerisationen. Allerdings 
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sind sie oftmals auf eine geringe Probendicke beschränkt, da die Strahlung nicht tief 
in das Material eindringen kann.[99,100] Durch die Kombination von radikal-induzierter 
kationischer Polymerisation und thermischer Frontalpolymerisation kann diese Ein-
schränkung überwunden werden. Mariani et. al. haben erstmals diesen Ansatz verfolgt 
und mit Hilfe eines Iodoniumsalzes und Dibenzoylperoxid erfolgreich ein difunktionales 
aliphatisches Epoxid (3,4-Epoxycyclohexylmethyl-3’,4’-epoxycyclohexancarboxylat) 
polymerisiert.[99] Der Mechanismus dieser Reaktion verläuft über beide Initiatoren und 
nutzt die entstehende Wärme der exothermen Reaktion (Abbildung 12). Im ersten 
Schritt (vgl. Abbildung 12, Schritt 1) wird der kationische Initiator (aromatisches Iodo-
niumsalz) durch UV-Strahlung angeregt und zerfällt so in Arylradikale, Arylradikal-
kationen und Anionen.[101] Durch Ladungsübertragung und Substitution am Radikalka-
tion wird letztendlich ein Proton freigeben, welches das Gegenion zum Hexa-
fluoroantimonat bildet. Das Proton reagiert mit dem Monomer und startet so die katio-
nische Polymerisation (Schritt 2). Die entstehende Wärme der Polymerisation lässt 
den thermisch labilen Initiator zerfallen und es entstehen neue Radikale (Schritt 3).  
 
Abbildung 12: Mechanismus der radikal-induzierten kationischen Frontalpolymerisa-
tion (entnommen aus[102]). 
 
Diese können wiederum mit dem kationischen Initiator reagieren und es entsteht in 
letzter Konsequenz formal die Supersäure, welche wieder im Schritt 2 (Abbildung 12) 
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mit dem Monomer reagieren kann. Die durch den exothermen Energieverlauf der Re-
aktion freigewordene Reaktionswärme aktiviert stets die in der Umgebung 
vorhandenen thermisch labilen Initiatoren, was zu einer fortlaufenden Reaktionsfront 
führt. Diese Polymerisationstechnik wurde in der Vergangenheit verwendet, um ver-
schiedenste Epoxide kationisch, durch UV-Strahlung initiiert zu polymerisieren.[102,103] 
Die verwendeten Initiatoren p-(Octyloxyphenyl)phenyliodonium-hexafluoroantimonat 
und 1,1,2,2-Tetraphenyl-1,2-ethandiol liefern für BADGE eine gleichmäßige Front und 
ein blasenfreies Polymer.[102] Die radikal-induzierte kationische Frontalpolymerisation 
wird ausschließlich in Schmelze durchgeführt, da Lösemittel das Ausbilden einer 
gleichmäßig laufenden Front verhindern würden. Auch bei der Zwillingspolymerisation 
ist bekannt, dass Hybridmaterialien aus einer Monomerschmelze heraus synthetisiert 
werden können. Die Kombination der Polymerisationstechniken von Frontalpolymeri-
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Abstract 
Homogeneous hybrid materials composed of phenolic resins, crosslinked polydial-
kylsiloxane moieties with linear epoxide/amine composites have been synthesized by 
twin polymerization of 2-(3-amino-n-propyl)-2-methyl-4H-1,3,2-benzodioxasiline 
(APSI) combined with addition polymerization of bisphenol-A-diglycidylether (BADGE). 
The ternary formation of three different polymer structures within one procedure in the 
melt process occurs smoothly as evidenced by solid state 13C and 29Si NMR spectros-
copy. The formation of in situ generated twin monomer moieties with higher 
functionalities f =n • 2 (n > 2, n is the assumed average degree of polymerization of 
the linear chain fragments resulting intermediately from APSI and BADGE), compared 
to the primary reactant APSI (f = 2, n = 1), triggers the polysiloxane network formation. 
A novel type of polysiloxane resin is produced by this methodology. Highly thermally 
stable materials are accessible by appropriate adjustment of reaction conditions and 
the molar ratio of the reactants. Potential applications are inter alia in the field of glue 







Epoxy resins are an important class of commercially available compounds used in 
industrial applications for adhesives and composite materials. Mechanical and physical 
properties of the target resin can be improved by combination with novolacs, other 
resin forming components or filler materials.[104–109] The adjustment of the mechanical 
properties is of great importance to guarantee high hardness without brittleness and 
good processability during processing.[110–112] 
Twin polymerization of monomers derived from salicylic alcohol has been established 
as an elegant procedure for the synthesis of nanocomposites due to the formation of 
two different polymers from only one monomer within one process step and without 
the formation of disturbing byproducts.[21,113–116]  
 
Figure 1 exemplary shows the twin-polymerization of a 2-methyl-2-alkyl-4H-1,3,2-ben-
zodioxasiline derivative which reacts by acid catalyzed polymerization to 




Figure 1: Assumed twin polymerization of a 2-methyl-2-alkyl-4H-1,3,2-benzodioxa-si-
line derivative 
 
The twin polymerization of solely 2,2-dimethyl-4H-1,3,2-benzodioxasiline does not 
deliver useable products. Both formed polymers do not really undergo a hybrid material 
formation because of linear and cyclic products of PDMS and portions of phenolic 
resins.[20,27] Hybrid material formation using 2,2-dimethyl-4H-1,3,2-benzodioxasiline 
only takes place when a second twin monomer is used or if the alkyl group bears an 
amino group (R = –NH2). Then crosslinked silica/PDMS networks are formed.[20,116] 
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Twin polymerization of amino-group functionalized twin monomers in the melt has 
been found a suitable tool to adhere different polymers to metal components.[7,8] 
Arnebold et al. have shown that the twin polymerization of 2,2-dimethyl-4H-1,3,2-ben-
zodioxasiline can be started with thermolatent acids in the presence of polymerization 
of an epoxy resin.[23] Combination of epoxide-amine adduct formation with ring opening 
polymerization is also useful for integrated polymer synthesis.[117] 
According to the established epoxide amine reaction, it is expected that APSI reacts 
with the epoxide ring in the way that a linear EP block is formed (the molecular structure 
of EP is defined in Fig. 2a). In the case that two equivalents of APSI, each of them 
contains one primary amino group, react quantitatively with both epoxide groups of 
BADGE, a novel twin monomer could be formed in situ which consists of two twin-
polymerizable moieties being linked covalently together by the EP block as 
demonstrated in Fig. 2a. Then, the former functionality of the APSI monomer with f = 2 
of the dimethylsiloxane moiety is duplicated. Thus, the in situ generated twin monmoer 
(APSI)2-EP is expected to undergo crosslinking during twin-polymerization. In the case 
of the 1:1 stoichimetry the crosslinking reaction should theoretically occur more readily 
with increasing conversion because then the overal functionality f = 2 • n increases 
rapidly as function of degree of polymerization n. 
The objective of this study is to prove the feasibility of this conception for production of 
novel polydimethylsiloxane/phenolic resin interpenetrating networks. However, it is ex-
pected that newly formed hydroxyl groups of the generated EP block can react in many 
ways with functional groups of both reactants as known from literature [118–120]. Thus, 
transesterification reactions with APSI and ring opening reactions with epoxide rings 
are possible. Furthermore, both reaction scenarios of Fig. 2 can take place simultane-
ously. Therefore, this initial study is focused on influence of composition of reactant 








Figure 2a and b: Suggested gross reactions of BADGE with APSI as function of stoi-




Both components are polymerized in melt without additional catalyst to guarantee a 
clean process, useful for future applications in varnish processing or gluing. The mo-
lecular structure formations of the novel hybrid materials were studied by solid state 
13C and 29Si NMR spectroscopy and the morphology of the products was examined by 
electron microscopy. Reaction processes in melt were investigated by differential scan-
ning calorimetry (DSC) measurements to optimize the process parameters. 
Experimental section 
Materials and methods 
The established twin monomer, 2-(3-Amino-n-propyl)-2-methyl-4H-1,3,2-benzodioxa-
silin was synthesized according to the literature.[121] Bisphenol–A–digylcidylether was 
purchased from Sigma Aldrich and was used as received. 
1H, 13C {1H} and 29Si {1H} NMR spectra for all compounds were recorded in CDCl3 on 
a Bruker “Avance DRX 250” (250.163 and 49.7 MHz, respectively) operating at room 
temperature. Chemical shifts (δ) are reported in parts per million and referenced with 
the residual undeuterated solvent. 
Solid state NMR spectra were collected at 9.4 T on a Bruker Avance 400 spectrometer 
equipped with double tuned probes capable of MAS (magic angle spinning). 13C–{1H}-
CP MAS-NMR spectra were measured at 100.6 MHz in 3.2 mm standard zirconium 
oxide rotors (BRUKER) spinning at 15 kHz. Cross polarization with a contact time of 
3 ms was used to enhance the sensitivity. The recycle delay was 6 s. Spectra were 
referenced externally to tetramethylsilane (TMS) as well as to adamantane as second-
ary standard (38.48 ppm for 13C). 29Si–{1H}-CP-MAS-NMR spectroscopy was 
performed at 79.5 MHz using 3.2 mm rotors spinning at 12 kHz. The contact time was 
3 ms and the recycle delay 6 s. Shifts were referenced externally to tetramethylsilane 
(0 ppm) with the secondary standard being tetrakis(trimethylsilyl)silane (–9.8, –
135.2 ppm). All spectra were collected with 1H decoupling using a TPPM pulse se-
quence. 
The DSC measurements were performed by a DSC 1 (Mettler Toledo) in 40 μl alumi-
num pan and a N2-flow of 50 ml/min. TGA measurements were performed by a 
Netzsch TG 209F1 (Lightweight Structures and Polymer Technology, TU Chemnitz). 
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The samples were measured under air and helium atmosphere, with a heating rate of 
10 K/min from 30–800 °C. 
Electron microscopic images were taken by an instrument from type Nova NanoSEM 
200 of FEI Company after sputtering with platinum (Laboratory of Solid Surfaces Anal-
ysis, TU Chemnitz) operated at 10 kV. 
 
General procedure 
In a typical reaction for the synthesis, BADGE and APSI were mixed in a Teflon®-
reaction vessel under constant stirring with a magnetic stirring bar and heated to the 
required reaction temperature. Mostly after 15 min, the mixture becomes highly vis-
cous and no more stirring was possible and the reaction was conducted for one hour. 
 
Results and Discussion 
Reactivity studies of the reactant combination APSI with BADGE have been performed 
by differential scanning calorimetry (DSC) measurements (Figure 1). A mixture of 
equal quantities of APSI and BADGE melts at 45 °C resulting in a homogeneous liquid 
melt which undergoes polymerization triggered by heat. At 45 °C the liquid mixture can 
be handled without evident polymerization for at least 15 minutes. 
The DSC thermograms of the individual monomers show an endothermic melting sig-
nal for BADGE and an exothermic polymerization signal with an onset temperature of 
191 °C for APSI. A mixture of both monomers shows two exothermic signals in the 
DSC thermogram. The first one with an onset temperature at 81 °C is probably caused 
by the reaction of the amino function with epoxide groups, while the second signal is 
related to the twin polymerization of APSI.[60] The anticipated polymerization peak is 
shifted to lower temperatures which may result from a catalytic effect of the formed 
hydroxyl groups during the epoxy resin formation. 
Time dependent 1H NMR spectroscopy experiments were executed in toluene as sol-
vent to prove the molecular structure formation in the first stage of reaction occurring 






Figure 3: DSC of APSI (blue), BADGE (green) and a mixture of both monomers 
(black). (20–300 °C/10 K/min, 50 mL/min N2) with the onset temperatures of the pro-




Figure 4: 1H NMR spectra of different molar ratios of BADGE and APSI left: 1:1, right: 
1:2. solvent: toluene, T = 110 °C. Corresponding time conversion plots are shown in 
the SI. 
 
The reaction between BADGE and APSI was performed in boiling toluene until no fur-
ther changes in the 1H NMR spectra could be observed (detailed information see 
supporting information Supporting Fig. 1 and 2). The 1H NMR experiments showed for 
both molar ratios 1:1 and 1:2 (BADGE : APSI) a significant decrease of the signal at 
3.4 ppm of the epoxy ring. If APSI is used in excess, the signal completely vanishes 
after 3 h. The 1H NMR signal is attributed to the single hydrogen atom of the glycidyl 
group which is an indication that all epoxy rings are opened. Also the 1H NMR signals 
at around 4 ppm and 3.8 ppm broaden over time which displays the polymerization by 
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reaction of amine and epoxide. The 1H NMR signal of the two hydrogen atoms of the 
methylene bridge between phenolic group and silicon of APSI are found at 4.9 ppm 
while the same signals of the starting material salicylic alcohol (sa) can be found at 
4.8 ppm. With increasing reaction time the content of formed sa increases (see Fig. 1 
and 2 SI). This may result from the reaction of hydroxyl groups, which are generated 
during the ring opening reaction, with the APSI moiety. A transesterification reaction 
between OH- and APSI is possible and sa is released in the solution. If the molar ratio 
is 1:1, all signals originated from Si–O–CH2 vanish and only sa is obtained. With a 
double ratio of APSI only the half reacts to sa and the excess of APSI is still intact. 
Nevertheless the silicon network is still build, proven by the signals of the Si–CH3 pro-
tons that are shifted upfield to 0.1 ppm after 1 h.[122] Therefore, the resulting polymer 
has a network and not a linear structure from step growth polymerization of amine and 
epoxy function. No phenolic resin could be obtained by polymerization in solution at 
110 °C. That result is completely different compared to those of following experiments 
carried out in melt. 
Polymerization experiments of APSI in combination with BADGE in the melt were car-
ried out in a temperature range from 80 °C to 220 °C. Monolithic samples are obtained 
in a PTFE (Teflon®) reaction vessel of a reaction in melt with variation of the molar 
ratio and reaction temperature. The experiments and sample description are summa-
rized in table 1. 
To prove the connectivity of the network, Soxhlet extraction with dichloromethane 
(48 h) was conducted which delivers soluble fractions that can be assigned to low mo-
lecular weight products and considerable amount of sa. The latter one is built by 
transesterification reactions of the APSI moiety with formed hydroxyl groups from the 
epoxy ring opening reaction. The monoliths synthesized at lower temperatures or by 
use of an excess of one monomer have a higher extractable content which mainly 
consists of sa. The extractable sa portion is significantly decreased when T >140 °C is 
employed which indicates that formed sa is then polymerized to phenolic resin. 
Molecular structure formation of the non-extracted sample 4 (reaction T = 140 °C) was 




Table 1: Overview of all polymerization experiments of BADGE and APSI with varia-
tion of reaction time, temperature, ratio of monomers and residuals. (sa = salicylic 
alcohol, pr = phenolic resin, das = dialkylsiloxane). 
 
sample molar ratio [mol] BADGE:APSI 
reaction tempera-





1 1:2 80/1 59.5 sa 
2 1:2 100/1 40.1 sa 
3 1:2 120/1 33.0 sa 
4 1:2 140/1 3.8 sa 
5 1:2 160/1 5.1 sa 
6 1:2 180/1 4.1 sa 
7 1:2 220/1 1.9 sa 
8 1.5:1 140/1 45.8 sa, BADGE 1:2 
9 1:1 140/1 14.1 sa 
10 1:4 140/1 70.8 sa, pr, das 1:4:4 
11 1:6 140/1 91.5 sa, pr, das 1:1.5:1.5 
12 1:2 140/6 1.1 sa 
13 1:1 220/1 1.0 sa 





Figure 5: Images of monolithic samples synthesized from BADGE and APSI with a 
molar ratio of 1:2 at different temperatures (samples 1–7 in table 1). 
 
The ternary formation of phenolic resin, polydialkylsiloxane network and epoxy/amine 
polymer can be clearly shown by 13C-{1H}-CP-MAS solid state NMR spectroscopy (fig-
ure 6). The signals in the areas of IIA and IIB are typical for o,o’- and o,p’-linked phenolic 
resin structures.[123,124] An intense signal at 0 ppm of methyl groups as well as the sig-
nals from the other alkyl chain carbon atoms found in the range of 5–44 ppm indicates 





Figure 6: Left: 13C-{1H}-CP-MAS solid state NMR spectra and liquid 13C NMR of 
BADGE and APSI in CDCl3, Right: 29Si-{1H}-CP-MAS solid state NMR spectra of a 
non-extracted sample 4, homo-polymerized APSI and the monomers (IA+IB: signals 
from BADGE have been found in the hybrid material, IIA+IIB: signals of phenolic resin 
from the polymerization of APSI, III: signals of the closed epoxide ring, not found in 
the hybrid material. 
 
In comparison to homo-polymerized APSI (red spectrum of Fig. 6), the solid state 13C 
spectrum of the monolithic sample 4 shows additional signals at 144 ppm (IA) and at 
69 ppm (IB) which can be assigned as the carbon atoms 4 and 3 from BADGE (green 
spectrum). No signals of unopened epoxy rings (signals 1 and 2 of BADGE, area III in 
figure 4) are observed in the hybrid material. Therefore, a complete reaction of amine 
and epoxy groups took place.  
It is suggested that the formation of the phenolic resin consecutively takes place after 
polysiloxane formation in the melt at T > 167 °C by polycondensation of the released 
sa which is encapsulated within the polysiloxane network. It is also possible that a 
portion of released sa does react with intact APSI twin monomer moieties. However, 
then water should be formed as byproduct which can react with the Si–O–C bonds of 
the APSI monomer.  
The D2 signal of the BADGE-APSI ternary hybrid material found at –19 ppm in the 29Si-
{1H}-CP-MAS solid state NMR spectra is shifted downfield in comparison to the polyd-
ialkysiloxane of pure APSI hybrid material (–22 ppm). The signal at –22 ppm is typical 




The downfield shifted 29Si NMR signal hints at a successful reaction to polydialkylsilox-
ane. Also no signals of unreacted monomer can be observed in the 29Si-{1H}-CP-MAS 
solid state NMR spectra which implies complete conversion of APSI at 140 °C. The 
small downfield shifted shoulder can be related to D1 signals or small cycles resulting 
from partial hydrolyzed poly(dialkylsiloxane) which is expected.[125] 
 
Figure 7: 29Si-{1H}-CP-MAS solid state NMR spectra of monolith materials synthesized 
using different monomer ratios of BADGE and APSI. 
 
There are significant differences in the solid state 29Si NMR spectra of the resulting 
hybrid materials observed as function of monomer composition of the reactant mixture 
(see Fig. 7). In case of that APSI was used in sixfold excess, the 29Si NMR spectrum 
of the hybrid material is nearly identical to that of the homo polymerized APSI (see Fig. 
6, right). The situation is completely different, when BADGE and APSI are used in 
equal portions. Then, three different 29Si NMR signals are observed which are identical 
in position compared to that of 1:2 stoichiometry of sample 4. However, the intensities 
of the new signals at about –10 ppm and –30 ppm are remarkably stronger compared 
to sample 4. This result is a clear indication that the silicon network is chemically mod-
ified by the reaction with newly formed alcoholic groups originating from the epoxide 
ring opening or by water formed from sa polymerization. The larger the portion of epox-
ide groups the stronger is the influence observed in the 29Si NMR spectrum of the 
resulting polysiloxane network compared to PDMS as reference. The 29Si NMR signal 
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at about 19 ppm is clearly attributed to the polysiloxane chain which has a minor dif-
ferent chemical surrounding than that in the pure APSI hybrid material. According to 
literature, terminal SiOH groups from OSi(CH3)2OH) are found at –10 to –15 ppm.[125] 
The new 29Si NMR signal at –30 ppm of samples 4 and 9 is difficult to assign because 
there is no exact literature reference available to explain this sufficiently.[126,127] How-
ever, the up field shift results from an electron rich surrounding of the silicon atoms. 
One explanation would be a coordination of oxygen increasing the coordination sphere 
of the silicon atom or there may be also an interaction between the aromatic rings of 
the BADGE backbone like S-S interactions. 
The monoliths were tested by DSC measurements for possible post-curing reactions. 
The thermograms showed no heat evolution above 100 °C. Therefore, it seems that a 
reaction temperature of 140 °C is sufficient to polymerize APSI to complete conversion. 
Perhaps, the secondary and tertiary amine products arising from the amine-epoxy re-
action induce the polymerization more readily and thus the required reaction 




Figure 8: Images of monolithic samples synthesized from BADGE and APSI with dif-




Figure 9: SEM images of monoliths with different molar ratios of BADGE and APSI at 




Figure 10: EDX analysis of two different non-extracted monoliths (samples 8 and 11) 
at 5000-fold magnification. 
 
SEM images of monoliths with different ratios are shown in Fig. 9. The overall appear-
ance of these materials seems to be very smooth. The images at 20000-fold 
magnification are taken at breaking edges of the samples to obtain a higher definition 
and better image quality. EDX measurements in Fig. 10 show a homogeneous distri-
bution of all elements verifying the transparent and agglomeration free macroscopic 
appearance in limits of detection. With a higher amount of APSI, the intensity of the 
element peaks for silicon and nitrogen in EDX spectra increases as expected. 
Thermogravimetric analysis (TGA) of the organic-inorganic hybrid materials shows dif-




Figure 11: Mass loss curves of non-extracted monolithic samples synthesized with 
different molar ratios and temperatures (25–800 °C; 10 K min–1 under air). 
 
As shown in Fig. 11, all samples have a slight mass loss of under 5 wt.% at 150 °C in 
air atmosphere. The monoliths synthesized at 80 °C and at 140 °C as well as the mon-
olith with an excess of APSI decompose straight after this temperature which is known 
for phenolic resins which start to decompose at 150 °C.[128] An excess of BADGE or 
higher reaction temperatures increases the thermal stability up to 300 °C because of 
the reduced amount of phenolic resin and a higher crosslinked network at higher reac-
tion temperatures. At 650 °C all organic components are incinerated and no further 
mass loss is detected. The calculated SiO2 content was compared to the residual as 
shown in Table 2. 
Table 2: Calculated and experimentally determined SiO2 content of the organic-inor-
ganic hybrid materials. 
 
ratio BADGE:APSI 1.5 : 1 1 : 2 1 : 6 
temperature [°C] 140 80 140 220 140 
SiO2 con-
tent [wt.%] 
calc. 8.19 15.28 21.45 




The calculated values correlate quite well with the experimental data. Slight variance 
especially at lower reaction temperatures can be explained by uncomplete polymeri-
zation or cyclic siloxanes which evaporate from the sample during the heating 
process.[129,130] 
Conclusion 
In this work we successfully combined the chemistry of bis-epoxy compounds and twin 
polymerization using an amino functionalized twin-monomer. By means of this proce-
dure, a novel type of polymer network has been developed. The epoxy/amine moieties, 
named as EP block, serve as bridges between oligosiloxane strands which are formed 
during the twin-polymerization process. It is assumed that the salicylalcohol fragment, 
which is twice O-bonded at the dialkylsilicone moiety in the twin-monomer, enhances 
the reactivity of the APSI monomer in relation to the formation of the oligosiloxane 
component. The bisepoxy monomer BADGE and the twin monomer APSI were con-
verted in the melt within one hour at 140 °C to a ternary hybrid material of epoxy and 
phenolic resin and polydialkylsiloxane. The complete reaction of amine and epoxide 
groups was proven by solid state 13C and 29Si NMR spectroscopy. The conclusions 
drawn from DSC measurements and NMR experiments could be transferred to lab 
scale experiments. EDX measurements of the transparent monoliths showed a homo-
geneous element distribution without any identification of phase separation. The 
material show a good heat resistance up to 300 °C which is important for future appli-




- Supporting Information - 
Experimental 
Time dependent NMR experiments. 
For the clarification of the reaction mechanism two mixtures of BADGE and APSI with 
a monomer ratio 1:2 and 1:1 were investigated. Therefore a 1 M solution of the com-
bined molar mass in dry toluene was set up and mixed with 0.1 g of naphthaline for 
reference standard. Samples were taken at 0 h, 0.25 h, 0.5 h, 1 h, 1.5 h, 2 h, 2.5 h, 
3 h, 3.5 h, 4 h until no change in the signal integrals were observable. After adding of 
APSI to the BADGE naphthaline solution the first sample was taken. The signals of 
CH2–CHO–CH2, Si–O–CH2; and CH2–OH were compared towards the naphthaline 
standard. 
 
Supporting Figure 1: Conversion-time diagram of time dependent NMR experiments 




Supporting Figure 2: Conversion-time diagram of time dependent NMR experiments 
of the reaction from BADGE with APSI at a 1:2 molar ratio. 
 
Solid state NMR spectra of different mixing ratios 
 
Supporting Figure 3: 13C-{1H}-CP-MAS solid state NMR spectra of monoliths syn-





Supporting Figure 4: 29Si-{1H}-CP-MAS solid state NMR spectra of monoliths synthe-
sized at different temperatures before and after extraction in comparison with liquid 
NMR spectra of APSI in CDCl3 
 
 
Supporting Figure 5: 13C-{1H}-CP-MAS solid state NMR spectra of monoliths synthe-






Supporting Figure 6: Mass loss curves of monolithic samples synthesized with dif-
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Basalt fiber reinforced polymers with improved thermal and me-
chanical properties by combination of twin polymerization with 
epoxide chemistry 
Matthias Birkner, Stefan Spange, Katharina Koschek 
Abstract 
Fiber reinforced polymers (FRPs) require a good match of fiber reinforcement and pol-
ymer matrix facilitating excellent thermal and mechanical properties. This contribution 
combines the mineral fibres glass and basalt with a novel silicatic hybrid polymer matrix 
formed during twin polymerization of 2-(3-Amino-n-propyl)-2-methyl-4H-1,3,2-benzo-
dioxasiline (APSI) as a novel amine hardener and the bisphenol-A based epoxide 
BADGE. The resulting ternary hybrid material consists of a nanostructured and cross-
linked epoxide, phenolic resin and polydialkylsiloxane network. In comparison to 
conventionally cured BADGE with IPDA (isophorone diamine), the glass and basalt 
fibre reinforced twin polymers showed a retarded combustion with a higher residual 
mass after oxidation. Moreover, the reinforcing effect with glass respective basalt was 
pronounced in case of APSI cured BADGE. The increased inorganic ratio in the com-
posites due to in situ formation of polysiloxane species seems to affect beneficially 
FRPs thermal and mechanical properties by increasing the stiffness by 25 % and the 
storage modulus by 260 %. 
 
Introduction 
Fiber reinforced polymers (FRP) represent a technologically important class of materi-
als used for light weight constructions[131] in, e.g. aerospace[132,133] and automotive[134] 
industry. Several organic, inorganic fibers and thermoplastics as well as thermosetting 
matrices are available in the market for light weight constructions. Basalt fibers (BF) 
are inorganic fibers with extremely good mechanical properties, high temperature and 
good chemical resistance. They are easy to process, non-toxic, natural, eco-friendly 
and inexpensive[135,136]. This makes BF an ideal candidate for fabricating composites 
for several applications, e.g. as a substitute for special glass fibre threads for heat 
resistant elastic structures for technical purposes[137,138]. Basalt fibre reinforced epoxy 
was studied by Lu et al. who investigated the long-term durability of the BFRP sheet 
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and the epoxy resin matrix under a wet–dry cyclic condition in a chloride-containing 
environment.[139] The thermal and mechanical properties of basalt fibre composites de-
pend on the used curing system showing a positive effect on thermal properties that 
was pronounced for an epoxy-anhydride composite in comparison to the amine cured 
one[140]. This was explained by an additional interaction between the anhydride curing 
agent and basalt fibre. 
For an efficient stress transfer from the matrix to fibre, a good fibre/matrix interaction 
is essential[141]. Silanization of basalt fibres was reported to improve the thermal and 
mechanical performance of BFRPs based on an epoxy/anhydride[142] and 
epoxy/amine[143] matrix system. In addition to silanization, Kuzmin et al. reported a 
nano-hybrid SiO2 based coating to be an effective way to enhance the epoxy/basalt 
interface with higher values in impact strength, compared to non-coated and only 
silane-coated basalt fibers[144]. This attempt shows that the presence of even a small 
amount of SiO2 particles has a beneficial impact in properties of epoxy/basalt compo-
sites. Twin polymerization as a new approach for the synthesis of organic-inorganic 
silicatic hybrid materials could give access to in situ formed inorganic particles instead 
of the reported upstream coating process (Figure 1). By this, it should be possible to 
reduce the process time by use of twin polymerization.  
 
 
Figure 1: Schematic scheme of the principle of twin polymerization. 
 
The principle of twin polymerization is based on specific twin monomers that consist at 
least of two covalently bonded polymerizable monomeric fragments, an inorganic and 
an organic part. In a mechanistically coupled process two polymers are formed simul-




Scheme 1: Reaction of BADGE and APSI with a molar ratio of 1:2. 
 
By polymerization of so called twin monomers a nanostructured and interpenetrating 
organic-inorganic network with domain sizes of 2–4 nm can be obtained, in only one 
step. The polymerization can be induced thermally or catalyzed by appropriate acids 
or bases.[113,145] The “working horse” of twin polymerization is 2,2’-spirobi[4H-benzodi-
oxasiline] (Spiro) which builds a nanostructured phenolic resin/silicon dioxide hybrid 
material when polymerized. Ternary silica/polysiloxane/phenolic resin hybrid materials 
can be obtained by use of dialkoxysilane twin monomers.[113] The special twin mono-
mer 2-(3-amino-n-propyl)-2-methyl-4H-1,3,2-benzodioxasiline (APSI) bears an amino 
function connected via a propyl spacer to the silicon atom. It can be polymerized ther-
mally and reacts to a phenolic resin and a polydialkylsiloxane with pendant primary 
amino groups still accessible for reaction with electrophilic reagents.[7] Thus, the reac-
tion of amino functionalized TM (APSI) and commercially available bisphenol-A-
diglycidylether (BADGE) (Scheme 1) leads to the formation of a nanostructured and 
crosslinked epoxide/amine, phenolic resin and polydialkylsiloxane network.[146]  
The formation of a ternary network consisting of an inorganic-organic hybrid polymer 
could gain synergistic effects with inorganic reinforcing fibres. That could result en-
hanced interactions at the epoxy/basalt interphase. Therefore, in this work the principle 
of twin polymerization combined with the amine/epoxide step growth polymerization is 
applied in basalt and glass fibre reinforced polymers. The effect of the inorganic-or-
ganic hybrid network on the thermal and mechanical properties of the FRPs was 
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studied in comparison to FRPs based on BADGE cured with the conventional isopho-
rone diamine (IPDA) as curing agent as reference system. 
Material and methods 
Materials 
BAGDE (Sigma Aldrich, Steinheim, Germany) and IPDA (Merck, Darmstadt, Germany) 
were used as received. The synthesis of 2-(3-amino-n-propyl)-2-methyl-4H-1,3,2-ben-
zodioxasiline (APSI) was performed according to the literature [7]. Glass fabric was 
purchased from R&G Faserverbundwerkstoffe GmbH (Waldenbuch, Germany) and 
Basalt from INCOTELOGY GmbH (Pulheim, Germany). 
Methods 
Curing of the laminates was performed in a Heraeus kelvitron T (Hanau, Germany) 
oven. Electron microscopic images were taken by an instrument from type Nova Na-
noSEM 200 of FEI Company after sputtering with platinum (Laboratory of Solid 
Surfaces Analysis, TU Chemnitz) operated at 10 kV and 20 kV. Differential scanning 
calorimetry (DSC) measurements were performed on a DSC 2920 Modulated calorim-
eter from TA Instruments with a sealed pan in a temperature range from 0 °C to 250 °C 
and a heating rate of 10 °C/min under air. Thermogravimetric analyses (TGA) were 
carried out on a Q5000 from TA Instruments with a temperature range from RT to 
800 °C and a heating rate of 10 °C/min under air. Dynamic mechanical analysis (DMA) 
was performed using a single cantilever with a DMA 2980 from TA Instruments with a 
heating rate of 2 °C/min and a frequency of 1 Hz. Densities were determined at 20 °C 
by the displacement method using water as medium and applying a Mettler XS603 
Delta Range precision balance (Mettler-Toledo GmbH, Giessen, Deutschland).  
General synthetic and manufacturing procedures 
Neat polymers 
In a plastic vessel equipped with a magnetic stir bar BADGE was molten at around 
50 °C in an oil bath. After that the amine was added and stirred until homogenisation 
occurred. The resulting mixture was then poured in a silicon mould and placed in a 
preheated oven at 50 °C. The samples polymerized by increasing the temperature 
from 50 to 140 °C within 30 min and keeping the temperature for further 90 min at 
140 °C. The amount of amine in relation to BADGE yielded stoichiometric mixtures in 
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case of BADGE/APSI = 1:1 and BADGE/IPDA = 2:1 and mixtures with an excess of 
the amine hardener BADGE/APSI = 1:2 and BADGE/IPDA = 1:1. The appropriate com-
positions and the resulting polymer densities are depicted in Table 1 1. 
Table 1: Compositions of BADGE with the appropriate amine and the determined 
densities of the resins. 
 
Compound BADGE / APSI BADGE / IPDA 
Molar ratio 1:1 (stoich.) 1:2 1:1 2:1 (stoich.) 
epoxy groups / amine hydrogen 2:2 2:4 2:4 4:4 
Density / g·cm-3 1.18 1.19 1.08 1.13 
 
Glass and basalt fibre reinforced polymers (GFRP and BFRP) 
The compositions BADGE/APSI 1:2 and BADGE/IPDA 1:1, containing the amine in 
excess to BADGE, were used as matrix for fibre reinforcement. Firstly, BADGE was 
molten in a plastic vessel equipped with a magnetic stir bar at around 50 °C in an oil 
bath. Secondly, the appropriate amine was added and the mixture was stirred until 
homogenization. The liquid mixtures were used immediately for the impregnation of 
eight layers of glass (163 g/m2) respective basalt (150 g/m2) fabrics, which were lami-
nated parallel to each other by the hand lay-up technique at 70 °C on a heated steel 
plate. Subsequently, vacuum bagging was applied to compress the laminate and to 
diminish air inclusions. Finally, the evacuated setting was cured applying the curing 
program described above. The fibre mass content (FMC) was calculated taking into 
account the mass per unit area of the fibre, the number of woven layers and the area 
and weight of distinct composite pieces of FRPs. Fibre volume content (FVC) was cal-
culated from the fibre mass fraction considering the densities of the fibres, the polymers 
and the composites (Table 2).  
Table 2: FRP compositions with the appropriate densities and fibre volumes contents 
of the laminates. 
 BADGE/APSI 1:2 BADGE/IPDA 1:1 
Basalt Glass Basalt Glass 
Density / g·cm-3 1.77 1.73 1.54 1.16 
Fibre volume content / % 50.6 52.3 47.3 49.0 
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Results and Discussion 
APSI reacts in a twin polymerization in presence of bisphenol-A-diglycidylether 
(BADGE) reactant to a hybrid network consisting of a phenolic resin and a bisphenol 
A based polydialkylsiloxane (Scheme 1).[146] As the monomer ratio of conventional 
epoxy and amine curing agent determines the mechanical and thermal properties of 
the resulting thermosetting polymer, BADGE was cured with APSI at two different com-
positions – BADGE/APSI 1:1 and 1:2. Analogue mixtures were prepared with the 
conventional hardener isophorone diamine (IPDA). BADGE with APSI respective IPDA 
with a molar excess of the appropriate amine in relation to epoxy equivalents (4 amine 
hydrogen in relation to 2 epoxy equivalents) were used for the manufacturing of glass 
and basalt fibre reinforced polymers, i.e. BADGE/APSI 1:2 and BADGE/IPDA 1:1. The 
neat and fibre reinforced polymers were polymerized as described before by Birkner 
et al. at a low polymerization temperature of 140 °C. DSC measurements of the cured 
samples showed none or negligible heat evolution above 100 °C indicating a complete 
polymerization reaction. Glass and basalt fibre reinforced samples showed fibre vol-
ume contents ranging for all composites from 47 to 52% which is typical for hand-
laminated samples.[146] 
Thermal stability and decomposition 
Twin polymerization of BADGE and APSI yields an inorganic-organic hybrid material 
featuring increased thermal stability depending on the composition and curing temper-
ature.[146] Moreover, SiO2 formation while combustion gives higher residual mass. The 
effect of hybrid polymer formation with and without fibre reinforcement on the thermal 
stability was investigated by TGA (Figure 22). Different mixtures of BADGE/APSI in 
comparison to BADGE/IPDA were polymerized under the same conditions as the FRP 
with the exception of vacuum. The resulting monolithic samples were used without 
previous extraction. The onset temperatures decreased significantly with an excess of 
APSI in BADGE with a T5% of 184 °C for BADGE/APSI 1:2 in comparison to 
T5% = 300 °C at equimolar stoichiometric ratio. In contrast, T5% was not affected signif-
icantly with higher amounts of the conventional amine curing agent IPDA. This may 
result from the higher amine functionality of IPDA and therefore a higher crosslinking 
density of the epoxy groups. If an excess of hardener is used, unreacted amines re-
main and burn out easily which results in a decrease of the onset temperature of the 
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hybrid polymer. Nevertheless, the residual mass of APSI cured epoxy due to silicate 
formation by twin polymerization represents a huge advantage over IPDA cured 
BADGE. The experimental values correlate with the calculated SiO2 content (Table3). 
Slight deviations can be explained by incomplete polymerization of the polydialkylsilox-
ane or formation of cyclic siloxanes that evaporate during the heating process[146]. 
 
Figure 2: Mass loss curves of pure resin without fibre reinforcement at different mo-
lar ratios (30–800 °C, 10 K/min, under air flow). 
 
Table 3: Temperatures at 5 % mass loss, calculated and experimentally determined 
SiO2 content of different pure resins. 
 BADGE/IPDA BADGE/APSI 
molar ratio 2:1 1:1 1:1 1:2 
T5 % /°C 284 292 300 184 
SiO2 con-
tent /% 
calc. 0 0 6.7 15.3 
exp. 0 0 4.5 14.7 
 
BADGE/IPDA 1:1 BADGE/APSI 1:2 
GFR BFRP GFRP BFRP 
T5 % /°C 316 319 346 330 
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Furthermore, the oxidation of the APSI based polymer proceeds slower at higher tem-
peratures and reaches full combustion 100 K later at T = 650 °C. This may result from 
the implemented phenolic resin/polydialkylsiloxane network that inhibits fast decompo-
sition.  
TGA measurements of BADGE samples cured with IPDA (1:1) respectively APSI (1:2) 
and reinforced with glass and basalt are depicted in Figure3. 
 
Figure 3: Mass loss curves of different FRP's measured under air (30–800 °C, 
10 K/min). 
 
Comparing the glass and basalt fibre reinforcement of one matrix composition, the 
mass loss curves showed no difference in their progression. However, glass and basalt 
composites based on the inorganic-organic hybrid matrix showed a retarded combus-
tion with a higher residual mass after oxidation of around 5% mass, which is in 
agreement with the neat polymer. Thus, the presence of fibres leads to an increasing 
starting temperature of pyrolysis. For both polymer systems 5 % of mass loss occurs 
at higher temperatures with an increase of 27 K for BADGE/IPDA 1:1 and 146 K for 
the APSI analogue. In addition, the temperatures at 5 % mass loss are higher when 
APSI is used as hardener. In comparison to the pure resin, the huge improvement for 
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BADGE/APSI can be explained by chemical reactions between the free NH groups in 
the polymer and the functional groups at the fibres surface resulting from the epoxy 
suitable sizing. Therefore, the polymer is covalently bonded towards the fibres and in 
consequence has a higher thermal stability. Also full combustion is reached about 
100 K later than with IPDA which complements the improved thermal properties of 
BADGE/APSI. That could be attributed to the increased inorganic ratio due to the inor-
ganic-organic hybrid matrix. Comparable results provided TGA measurements 
performed under nitrogen (see in Appendix Figure A1). 
Temperature dependent mechanical properties 
Dynamic mechanical analysis was performed in order to study the thermomechanical 
performance of the hybrid material in dependence of the monomeric ratio and fibre 
reinforcement (Figure 4, Figure 5). Beside the storage modulus E´ the glass transition 
temperature Tg was determined as the peak maximum from the loss modulus E´´ (see 
in Appendix Figure A4–5 for E´´ and tan δ). The storage modulus for a stoichiometric 
mixture of BADGE and APSI (1:1) was 2744 MPa at room temperature with a glass 
transition temperature of Tg = 63.43 °C and a residual stiffness of 6.84 MPa at 150 °C 
(Figure 4, Table 4: Storage modulus of neat polymers determined at room temperature 
and 150 °C.Table4). An increased amount of APSI resulted in a decrease of the stor-
age modulus E´ = 1812 MPa and the Tg = 30.9 °C. This could be explained by a 
plasticizing effect of the non-reacted amine monomers. In comparison, BADGE pol-
ymerized with IPDA as hardener at stoichiometric ratio (BADGE/IPDA = 2:1) exhibited 
a storage modulus of 2191 MPa and a Tg of 146.6 °C. The high Tg could be attributed 
to the high crosslinking density caused by the hardener with two primary amine groups. 
A higher amount of IPDA (BADGE/IPDA = 1:1) resulted a comparable storage modulus 
(2494 MPa) to the stoichiometric sample but a much lower Tg = 76 °C (analogue to 
APSI). Comparing the curing agents APSI versus IPDA at stoichiometric ratio, twin 
polymerization yields materials with higher stiffness (2744 versus 2191 MPa) but lower 







Figure 4: Storage modulus of the neat polymer compositions. 
 
 






Table 4: Storage modulus of neat polymers determined at room temperature and 
150 °C. 
 BADGE/IPDA  BADGE/APSI  
 2:1 (stoich.) 1:1  
1:1 
(stoich.) 1:2 
E´/MPa (23 °C) 2191 2494 2744 1812 
E´/MPa (150 °C) 23* -** 7 3 
* determined at 170 °C; ** sample was too soft at T>Tg 
Reinforcement with glass and basalt woven entailed an approx. six-fold increase in 
storage moduli for both epoxy/hardener systems, with a slightly higher reinforcing ef-
fect with basalt over glass fibres for both APSI and IPDA cured epoxy samples (Table 
5, Figure 5). 
Table 5: Storage modulus of fibre reinforces polymers determined at room tempera-
ture and 150 °C. 
 
BADGE/IPDA 1:1 BADGE/APSI 1:2 
GFRP BFRP GFRP BFRP 
E´/MPa (23 °C) 14624 16689 16114 17211 
E´/MPa (150 °C) 848 1208 3040 2824 
 
Comparing APSI and IPDA, both glass and basalt based FRPs exhibited a stronger 
reinforcing effect in case of APSI cured BADGE (E´BADGE/APSI = 16114 versus 
E´BADGE/IPDA = 14624 MPa in case of GFRP and E´BADGE/APSI = 17211 versus 
E´BADGE/IPDA = 16689 MPa in case of BFRP). This effect is pronounced considering the 
storage modulus determined for the neat polymers with BADGE/APSI 1:2 showing a 
significantly lower storage modulus over the IPDA analogue (2494 MPA for 
BADGE/IPDA versus 1812 MPa for BADGE/APSI, Table4). With respect to the resid-
ual stiffness at 150 °C, glass and basalt FRPs based on BADGE and APSI surpassed 
IPDA cured samples with three fold higher storage modulus (E´GFRP = 3040 MPa for 
BADGE/APSI versus 848 MPa for BADGE/IPDA). Thus, composites based on inor-
ganic-organic hybrid polymer as matrix and inorganic reinforcing fibres exhibit 
excellent structural properties at temperatures below and above the polymers glass 
transition temperatures. The polysiloxane species formed during APSI mediated twin 
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polymerization improves the overall materials properties probably due to an enhanced 
fibre/matrix interaction. 
Fibre/matrix interaction  
Fractured surfaces of the composites were investigated by SEM in order to elucidate 
the effect of an inorganic/organic hybrid polymer versus a conventional organic poly-
mer on the fibre/matrix interaction (Figure 6, Figure 7). 
 
Figure 6: SEM images of the fracture surface of a FRP made from BADGE and APSI 
as matrix at different magnifications. Left: basalt fiber and right: glass fiber. 
 
 
Figure 7: SEM images of fracture surface of a FRP made from BADGE and IPDA as 
matrix at different magnifications. Left: basalt fiber and right: glass fiber. 
 
All SEM images showed no significant difference between glass and basalt fibre rein-
forcement for both epoxy/hardener systems, respectively. For all systems most of the 
fibres are completely embedded in the polymer matrix with few fibre pull out events. 
However, comparing APSI and IPDA based FRPs, the fractured samples showed fi-
bres with residual matrix on the surface (Figure 6, Figure7). In comparison, images of 
the IPDA based FRPs showed smooth fibres without residual matrix indicating a lower 
adhesion of the conventional polymer towards the glass and basalt fibre surface (Fig-
ure7). Thus, the APSI containing polymer seems to foster a higher adhesion towards 
the reinforcement fibres. This is probably due to a higher adhesion based on free amine 
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groups and more importantly the presence of polysiloxane exhibiting a higher affinity 
to the silica and alkali oxide containing glass and basalt fibres. 
 
Conclusions 
Twin polymerization of APSI combined with the amine/epoxide step growth polymeri-
zation was applied to fabricate basalt and glass fibre reinforced polymers. Composites 
consisting of basalt respective glass fibre textiles were manufactured with epoxy/amine 
systems by hand lay-up technique with subsequent vacuum bagging. In comparison to 
the commercial amine IPDA, the twin monomer APSI was used as curing agent for 
BADGE.  
Glass and basalt fibre reinforced twin polymers showed a retarded combustion with a 
higher residual mass after oxidation. The increased inorganic ratio due to the inor-
ganic-organic hybrid matrix could be responsible for the improved thermal properties 
of BADGE/APSI based basalt and glass fibre composites.  
With respect to the mechanical properties, twin polymerization of BADGE with APSI 
yielded polymers with significant higher stiffness (2744 versus 2191 MPa for IPDA cur-
ing agent) but lower Tg (30.9 versus 146.6 °C) in comparison to the conventional IPDA 
curing agent. Reinforcement with glass and basalt woven entailed an approximately 
six fold increase in storage moduli for both epoxy/hardener systems. However, the 
reinforcing effect was stronger in case of APSI cured BADGE for both glass and basalt 
based FRPs.[122][121] Thus, composites based on inorganic-organic hybrid polymer and 
inorganic reinforcing fibres such as glass and basalt exhibit excellent mechanical prop-
erties due to the polysiloxane species formed during APSI mediated twin 
polymerization. SEM micrographs proved that APSI containing polymer seems to fos-
ter a higher adhesion towards the reinforcement fibres entailing an enhanced 
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Figure A1: Mass loss curves of different FRP’s measured under nitrogen (30-800 °C, 
10 K/min).  
 





Figure A3: Temperature dependent loss modulus curves of different FRP’s. 
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Radical induced cationic frontal twin polymerization of Si-spiro 
compound in combination with bisphenol-A-diglycidylether 





The radical induced cationic frontal polymerization (RICFP) of the twin monomer 
2,2’-spirobi[4H-1,3,2-benzodioxasiline] (SPIRO) in combination with bisphenol-A-di-
glycidylether (BADGE) has been developed to fabricate nanostructured hybrid material 
with domain sizes of 2–5 nm. In one reaction step, an interpenetrating network of phe-
nolic resin, SiO2 and the epoxy resin is formed in a very short time period, initiated by 
UV light. That indicates that both polymerization reactions take place simultaneously. 
The influence of monomer composition on molecular structure was investigated by 
means of solid state NMR spectroscopies. The envisaged nanostructure of the result-
ing organic-inorganic hybrid materials is proven by high-angle annular dark-field 
scanning transmission electron microscopy (HAADF-STEM). The thermal properties 
of the hybrid materials are comparable to “state of the art” materials with the advantage 
that the silica quantity can be adjusted on demand. 
 
Introduction 
Epoxy resins play an important role in polymeric composites in almost every field of 
industry e.g. coatings, adhesives or resins.[118,147] One of the most widespread and 
commonly used epoxy compounds is bisphenol-A-diglycidylether (BADGE) which is 
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normally cured with amines or anhydrides by heating up the monomer mixture.[60] An-
other way to cure BADGE is to use cationic photo acid generators to start the 
polymerization, which is a suitable method to polymerize thin films. This method quickly 
reaches its limits in bulk polymerization because the radiation, mostly UV light cannot 
penetrate deeper layers. Therefore, a possible approach represents the combination 
with frontal polymerization. Frontal polymerization (FP) is a polymerization process in 
which polymerization occurs directionally in a localized reaction zone.[80] 
In recent works, the radical induced cationic frontal polymerization (RICFP) was used 
as an elegant way to polymerize BADGE in an energy efficient process in 
bulk.[102,103,148] This technique is very useful to overcome typical problems during ap-
plication like, curing in the correct place, too short or too long pot life, limited layer 
thickness and energy intensive thermal curing. 
The reaction mechanism of the thermo labile radical initiator 1,1,2,2-tetra-
phenylethanediol (TPED) and the iodonium salt p-(octyloxyphenyl) phenyliodonium 
hexafluoro antimonate (IOC-8 SbF6) is known and described in detail in the litera-
ture.[102] In the first step the cationic initiator IOC-8 SbF6 dissociates either hetero- or 
homolytically into aromatic iodiodium salts and the super acid HSBF6 that starts the 
exothermic ring opening reaction of the monomers in the second step. Finally, the re-
action heat decomposes the thermo labile TPED homolytically into radicals which can 
react with the IOC-8 SbF6 to form new super acid in the last step. If the initiators are 
homogenously distributed, a self-sustaining propagation reaction takes place and pol-
ymerizes the whole bulk. 
In this work, the promising approach of RICFP is applied to the concept of twin 
polymerization. Twin polymerization is a polymerization technique, where out of one 
monomer, a so called twin monomer, in one reaction step a nanostructured hybrid 
material consisting of an organic and an inorganic component with domain sizes of 
0.5–3 nm can be generated.[113] Both polymers are formed in a mechanistically coupled 
process and create an interpenetrating network.[5,113] Twin polymerization can be trig-
gered by appropriate bases, acids or by heating depending on the twin monomer. 
So far, no studies on initiation by UV irradiation have been performed, therefore the 
RICFP is the first attempt for a light induced twin polymerization.[21,26,27,149] 
71 
  
For this initial study, the well-established bis-epoxide BADGE and the twin monomer 
2,2’-spirobi[4H-1,3,2-benzodioxasiline] were used (SPIRO) to obtain ternary hybrid 
materials composed of epoxy resin, phenolic resin, and silicon dioxide (Scheme 1). 
The cationic polymerization of BADGE leads to a structural complex network due to 
crosslinking reactions, therefore the reaction in Scheme  displays only a simplified  
version of the resulting product.[150] 
 
 
Scheme 1: Suggested scenario of the radically induced cationic ring opening 
polymerization with coupled twin polymerization. 
 
To the best of our knowledge, this is the first attempt to generate nanostructured SiO2 
in situ in a light induced (frontal) polymerization. The combination of all three polymer 
types should deliver an enhanced thermal stability. Recent studies with additional SiO2 
nanoparticle filler in RICFP show that the filler particles have an accelerating effect on 
the front and lowers the starting time due to the insulating properties of silicon diox-
ide.[151] However, the filler content is limited to a maximum of 3 % because of the 
penetration hindrance of the irradiation. This restriction can be solved by the concept 





Bisphenol-A-digylcidylether was purchased from Sigma Aldrich and was used as re-
ceived. 2,2’-Spirobi[4H-1,3,2-benzodioxasiline] was synthesized as described in the 
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literature.[27] 1,1,2,2-Tetraphenyl-1,2-ethandiol (98 %) was purchased from J&K Scien-
tific GmbH and p-(octyloxyphenyl)phenyliodonium hexafluoroantimonate (95 %) was 
from abcr GmbH. Both catalysts were used as received. 
Methods 
Solid state NMR spectroscopy was performed at 9.4 T on a Bruker Avance 400 spec-
trometer equipped with double tuned probes capable of MAS (magic angle spinning). 
13C{1H}-CP-MAS-NMR spectra were measured at 100.6 MHz in 3.2 mm standard zir-
conium oxide rotors (BRUKER) spinning at 15 kHz. Cross polarization with a contact 
time of 3 ms was used to enhance the sensitivity. The recycle delay between the scans 
was 6 s. 29Si{1H}-CP-MAS-NMR spectroscopy was performed at 79.5 MHz using 
3.2 mm rotors spinning at 12 kHz. The contact time was 3 ms and the recycle delay 
6 s. Shifts were referenced externally to tetramethylsilane (0 ppm) with the secondary 
standard being tetrakis (trimethylsilyl)silane (29Si: –9.8, –135.2 ppm, 13C: 3.55 ppm). 
All spectra were collected with 1H decoupling using a TPPM pulse sequence. 
TGA measurements were performed on a Mettler-Toledo TGA/DSC 3+. The samples 
were measured under synthetic air with a heating rate of 10 K/min from 30 to 800 °C 
in 70 μl Al2O3 vessels. 
High angle annular dark field transmission electron microscopic images (HAADF-TEM) 
were taken with a Tecnai 20 system with the friendly support of BASF SE. 
Setup for RICFP 
A mould made from poly(tetrafluoroethylene) (PTFE) with dimensions of 
5 cm x 1 cm x 0.5 cm was used as reaction vessel for RICFP. The light source 
(bluephase® from Ivoclar Vivadent) was placed 0.5 cm above the sample on one end 
and has been turned on until the reaction starts. The initiation started in an area of 
about 1 cm2 using light with wavelengths of 380–515 nm with the intensity of 
1200 mW/cm2. The frontal polymerization starts normally after irradiating the sample 







About 3 g of substance were necessary to completely to fill the reaction mould. The 
reaction mixture was prepared the following way. The appropriate amount of BADGE 
and SPIRO monomer were filled into a flame-dried and argon flooded flask and heated 
up to 80 °C until homogenous melt was obtained. The initiators (2.5 mol% of total 
amount of substance) were dissolved in 3 mL of dry dichloromethane and added via 
syringe to the monomer-containing flask. The solvent was evaporated under vacuum 
until bubble formation stopped. After that the mixture was poured into the mould and 
the reaction was started. 
Extraction experiments 
The extractions were performed with freshly distilled dichloromethane via soxhlet ex-
traction for 48 h. 
 
Results and Discussion 
The RICFP of BADGE and SPIRO delivers monolithic samples consisting of interpen-
etrating networks of phenolic and epoxide resins with a bisphenol-A backbone as well 
as silica (SiO2). Compilation of experiments are shown in Table1. The amount of initi-
ator was optimized by multiple preliminary experiments using different initiator 
concentrations. 2.5 mol% of initiator was found to be the lowest possible concentration 
that still gave stable polymerization fronts for mixtures of BADGE and SPIRO. In con-
trast, only 1 mol% of the initiator system was necessary to polymerize each of the 
pristine monomers alone. The ratio of photoinitiator and thermal initiator was set to a 
molar ratio of 1:1 regarding to the literature.[103] An explanation for this used ratio de-
livers the described mechanism of the RICFP, where one radical, resulting from the 
homolytic cleavage of the thermal initiator, reacts with one molecule of the photoinitia-
tor. 
The ratio of the monomers was variated from pure SPIRO to pure BADGE. The front 
starting time for all samples were nearly the same with an approximate time period of 
40 s. The resulting hybrid materials are transparent as there is no macroscopic phase 
separation. Rising amounts of SPIRO in the mixture lead to an increasing amount of  
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Table 1: Overview of performed polymerization experiments of BADGE and SPIRO 
with varying ratios of monomers, amount of extractables and TGA data of 5 % mass 
loss and residuals after complete oxidation. 
Ratio of 













0 : 1 1 6.4 305 21.97 22.33 
1 : 2 2.5 2.8 217 14.07 13.74 
1 : 1 2.5 2.6 204 10.33 9.93 
2 : 1 2.5 7.3 254 7.73 6.38 
5 : 1 2.5 5.7 275 5.38 3.08 
10 : 1 2.5 1.1 286 3.98 1.65 
1 : 0 1 3.2 324 1 0 
 
 
Figure 3: Pictures of different hybrid material samples after frontal polymerization 
with different molar ratios of monomers BADGE and SPIRO. 
 
bubbles in the final hybrid material product, which have a negative effect on the trans-
parency (see supporting information). The velocity of the polymerization front of SPIRO 
is 5 cm/min while pure BADGE only has a velocity of 2.7 cm/min. Therefore, with an 
increasing concentration of SPIRO in the mixture the polymerization front moves 
faster. The faster front may originates from the higher exothermic reaction profile and 
therefore the higher reaction temperature of the polymerization of SPIRO, which also 
is one reason for the darker color of the resulting phenolic resin components within the 
hybrid material (Figure 3). The RICFP of BADGE is a smooth and bubble free reaction. 
The residuals after 48 h soxhlet extraction with dichloromethane of all experiments 
show no significant difference in quantity. They consist mainly of oligomeric bisphenol 
A and small amounts of salicylic alcohol, what is the reactant in the synthesis of the 
SPIRO monomer. Compared to normal cationic polymerization of SPIRO with trifluoric 
acid (TFA, T = 25 °C) the percentage of extractable content decreases from 26 wt% 
with TFA to 6.4 wt% with RICFP. This result shows a significant advantage of the 
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RICFP technique. For instance, hybrid materials obtained by thermally induced twin 
polymerization at 220 °C show an extractable content of 9 wt%. Additionally, polymer-
ization with TFA or by heat requires a reaction time of 2–3 h whereas RICFP is finished 
in minutes, which can be advantageous for special applications. However, the RICFP 
seems to deliver a higher crosslinked network than the standard methods for the 
polymerization of pure SPIRO. The molar masses of the polymers and also the cross-
linking density of the networks formed during the polymerization strongly depend on 
the conversion, and therefore on the reaction temperature. The temperature of the 
polymerization front during the RICFP seems to be far above 200 °C resulting in high 
conversion in a short period of time. A side effect is the formation of bubbles during the 
polymerization by vaporizing some low molecular weight compounds, or polymer 
chains, that are formed in the course of twin polymerization. 
Solid state NMR spectroscopic studies 
Solid state NMR spectroscopies were used to investigate the molecular structure of 
the hybrid materials and resins and to check whether the simultaneous polymerization 
of BADGE affects the twin polymerization of SPIRO. Therefore, 13C- and 29Si solid 
state NMR spectra of all hybrid materials were measured and compared (see Fig. 2). 
The 13C solid state NMR spectrum of polymerized BADGE (Figure 2: dark green line 
on top) shows all expected signals for a bisphenol A polymer.[38,152] The signals at 157, 
144, 128 and 114 ppm are assigned to the aromatic backbone, while the signal at 
42 ppm originates from the quaternary carbon atoms. The methyl group’s carbon at-
oms of the backbone can be found at 32 ppm. The broad signal at 70 ppm can be 
assigned to the secondary carbon atoms of the opened epoxide ring. The small signal 
at 50 ppm belongs to end groups. The 13C solid state NMR spectrum of polymerized 
SPIRO (Figure 2: black line on bottom) delivers the typical signals for a phenolic resin 
by means of the signals at 151, 128, 121 and 116 ppm related to the aromatic carbons 
and the broad signal from 25 ppm to 40 ppm belonging to the methylene bridge car-
bons of the polymer.[27] The hybrid materials obtained from mixtures of BADGE and 
SPIRO give NMR spectra showing both polymeric structures. An increasing amount of 




Figure 2: Left: 13C{1H}- and right: 29Si{1H}-CP-MAS NMR spectra of hybrid materials 
obtained using different reactant compositions of BADGE and SPIRO polymerized 
via RICFP. 
 
Possible crosslinking between the phenolic resin and the epoxide backbone cannot be 
excluded nor proven because of the similar structure of the products and the resulting 
overlap of the resulting signals in the NMR spectra. However, no unexpected signals 
were found, which indicates that the organic polymers formed an interpenetrating net-
work with possible crosslinking among each other. This suggests that a genuine 
simultaneous polymerization of SPIRO and BADGE occurs.  
Altogether, the 29Si solid state NMR spectra of the hybrid materials show the expected 
Q2, Q3 and Q4 -signals which indicate an incompletely condensed SiO2-network.[153] 
That is usually produced during TP as seen in the 29Si NMR spectrum of the hybrid 
material obtained from polymerized SPIRO (sample line 1, Table 1) which delivers a 
broad signal with a Q2 signal at –91 ppm, a Q3 signal at –100 ppm and a shoulder of 
Q4 signal at –110 ppm. Therefore, the polymerization of BADGE does not retard the 
twin polymerization of Spiro and vice versa. The Q3 and Q4 signals can be observed in 
all samples while the Q2 signal diminish at higher BADGE concentration. It must be 
noted that the cross polarization technique used to increase the sensitivity of the NMR 
experiment overestimates silicon species with 1H in close proximity. As a result, the 
signal intensity of Q2- and Q3-silicon species appear stronger than that of the fully con-
densed Q4-species. Reducing the amount of SPIRO in the polymerization mixture 
77 
  
leads to weaker signals in the 29Si solid state NMR spectra with lower signal to noise 
ratios due to decreasing silicon content in the final material. 
Electron microscopy 
STEM images were made to check if the formation of the typical nanoscaled interpen-
etrating networks by twin polymerization is also obtained through RICFP. Therefore, 
hybrid materials derived from pure SPIRO and from an equimolar (1:1) mixture of 
BADGE:SPIRO were investigated by the help of HAADF-STEM (Figure3). Brighter ar-
eas in the HAADF-STEM pictures are silicon rich because it is the heavier element 
compared to carbon which can be found in the darker areas. 
 
Figure 3: HAADF-STEM images of pure SPIRO and a molar 1:1 mixture of BADGE 
and SPIRO. 
 
As described in the literature, pure SPIRO monomer forms a hybrid material with do-
main sizes of 0.5 to 3 nm no matter if the polymerization is started cationically, 
anioically or by thermal treatment.[21,27,113] Very similar structures are found in the 
HAADF-STEM pictures of the RICFP of pure SPIRO monomer, and also for the mixture 
with BADGE. The typical nanoscalic distribution of silicon rich clusters (bright areas) in 
the organic-inorganic hybrid material is best seen in the high magnification images on 




All resulting resins have been analyzed with respect to their thermal properties by ther-
mogravimetric analysis in air atmosphere. There are two parameters that will be 
discussed: Firstly, the temperature at which the mass of the sample is reduced by 
5 wt%, and secondly the mass of pure SiO2 that is left after complete oxidation of the 
hybrid material at 900 °C. A theoretical value of the residual mass can be calculated 
on the base of the idealized molecular structure and are shown in Table1. 
 
Figure 4: Mass loss curves of non-extracted hybrid materials synthesized with differ-
ent molar ratios of monomers BADGE and SPIRO (30–800 °C; 10 K/min under air). 
 
The mass loss curves of all resins are shown in Figure4. The calculated residuals after 
complete oxidation correlate quite well with the experimental values. Possible differ-
ences can be explained by remaining catalyst namely antimony oxide at various 
oxidation states. Increasing the amount of SPIRO in the mixture increases also the 
SiO2 content in the final hybrid material. At 5 % mass loss, it seems that a resin is more 
stable with increasing epoxide content. However, regarding the range above 10 % 
mass loss the resins with more SPIRO show a retarded oxidation due to the higher 
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portion of SiO2 and phenolic resin in the sample. Both materials and the especially the 
combination with epoxy components are known for high thermal stability and flame 
retardant properties.[106,107,154] 
Conclusion 
This paper shows, that the photo induced polymerization using the RICFP-principle is 
a practicable method for the initiation of twin polymerization of the twin monomer 
SPIRO. The molecular and morphological structure of the produced organic-inorganic 
hybrid materials are identical to SPIRO-based polymers initiated by other methods. 
Furthermore, twin polymerization was successfully combined in an in situ process with 
the homopolymerization of BADGE. Solid state NMR proves that both polymeric struc-
tures exist in the hybrid material with the possibility of internal crosslinking. The 
formation of interpenetrating networks is circumstantial supported by the low extracta-
ble content of these materials. Moreover, the addition of BADGE does not influence 
the nanostructure of the hybrid materials. Therefore, the simultaneous polymerization 
of the epoxide compound does not impede the mechanistically coupled polymerization 
of the organic and inorganic parts of SPIRO. A hybrid material consisting of three dif-
ferent polymers (epoxy resin, phenolic resin, and silicon dioxide) was obtained in just 
one step and with a reaction time of minutes instead of hours compared to standard 
thermal or ionic initiation processes. The hybrid materials showed retarded oxidation 
with increasing SPIRO content in thermogravimetric analysis which is an important 




- Supporting Information - 
For a better visualization of the transparency, Photographs were taken with the sample 
illuminated from behind with a lamp. 
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Inorganic-organic hybrid material coatings by using multifunctional 
epoxides and twin polymerization 
 
Wolfgang Hering, Matthias Birkner, Andreas Seifert, Ronny Köcher; Björn S.M. 
Kretzschmar; Carmen Marschner; Bernd Grünler; Stefan Spange 
 
Abstract 
The complex reaction cascade of 2-(3-amino-n-propyl)-2-methyl-4H-1,3,2-benzodiox-
asiline (APSI) with the tetra-functional epoxide reactant 4,4′-methylenebis(N,N-
diglycidylaniline) (MDGA) has been applied to coat polyethylene terephthalate sub-
strates with a nanostructured inorganic-organic hybrid layer. 
APSI is suitable to undergo twin polymerization and step growth polymerization pro-
cesses to both poly(3-aminopropyl methyl)siloxane and phenolic resin as well as epoxy 
resin moieties, simultaneously. The molecular structure formation of the hybrid material 
formed is proven by solid state 13C and 29Si nuclear magnetic resonance spectros-
copy of reference samples prepared as bulk materials. The formation of three polymer 
structures during one procedure allows the accurate adjustment of the surface mor-
phology that is strongly determined by the ratio of reactant quantities used. 
In the coatings, at higher MDGA contents, increasingly larger areas of segregated pol-
ymer phases up to the micro scale occur. With increasing APSI amount, the surface 
becomes smoother and more homogeneous. This has a positive effect on the optical 






Controlled surface functionalization of solid hard substrates with inorganic oxidic layer 
materials have been established by use of sol-gel coating and related processes.[155–
158] In contrast, flexible substrates of thermoplastics such as polyethylene terephthalate 
(PET) films are difficult to coat because of their lower surface energy and softness.[159–
161] 
Therefore, the surface properties of the hybrid layer must be adapted exactly to those 
of the substrate. Multicomponent systems consisting of hard and soft components are 
promising because their proportion to each other determines the final property of the 
coating. For this purpose, sol-gel procedures have been found suitable as long as the 
wetting of the substrate by the reactants is sufficient. Tetraalkoxysilanes such as tet-
ramethoxysilane and amino- or epoxide-functionalized tri- and dialkoxysilanes were 
often used as reactants.[161–163] 
Especially, 3-aminopropyltrimethoxysilane has been found suitable in combination with 
acetone as reversibly protecting agent to coat PET.[161] An important point is the fact 
that the different components have to be homogenously incorporated within the sur-
face layer. Therefore, a cross-linking polymerization associated with a sol-gel process 
is particularly suitable for this purpose.[162,163] 
However, the sol-gel procedure requires water as reactant which is disadvantageous 
for coating of hydrophobic substrates which limits that special application. Water also 
disturbs the reaction of amino groups with epoxides due to the effect that chemical 
resistance of coating layers is lowered.[162] Furthermore, the epoxide amine reaction in 
combination with sol-gel chemistry has been found strongly dependent on the number 
of cross-linking points of the amine component.[163] Therefore, a process is desired 
which is related to the sol-gel coating but does not require a second component such 
as water. 
In this work a conception for surface coating will be demonstrated using amino-func-
tionalized twin monomers (TM) and multiple functional epoxide monomers. Principally, 
a TM possesses two covalently bonded fragments each suitable for step growth 
polymerization, e.g. an inorganic (A) and an organic component (C).[7,21,113] If a number 
of n A–C TM polymerize both polymer products –(A)n– and –(C)n– are formed simulta-
neously and mechanistically coupled. Thus, no macroscopic phase separation occurs. 
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Therefore, TP has been established as tool for production of nanostructured organic-
inorganic polymer hybrid materials. Twin polymerization (TP) of special TMs allows the 
preparation of nanostructured hybrid materials in a non-aqueous process directly from 
the melt.[7] Twin monomers can also be applied when dissolved in an appropriate or-
ganic solvent that does neither react with the TM nor interferes during TP. 
In this study, the functional twin monomer (APSI) was employed that is produced by 
transesterification reaction of 3-aminopropyldimethoxymethylsilane with salicylalcohol. 
The chemistry of twin polymerization is combined with the epoxide amine step growth 
polymerization to coat PET substrates. Epoxides readily undergo step growth polymer-
ization with APSI and ternary hybrid materials are available in a single process step.[146] 
Depending on the molar ratio of the epoxide and amine component, the degree of 
cross-linking and thus flexibility of the hybrid layer can be widely controlled. Hence, the 
APSI epoxide amine combination is a promising reactant mixture for surface coating 
of PET. 
The suggested ternary polymer formation within one process is shown in simplified 
form in Scheme 1. The amino function F can react with an epoxide E to form polymer 
Ex while the twin monomer F–A–(C)m undergoes twin polymerization. It is suggested 
that the property profile of the resulting copolymer/polymer composition                      
(A)n–(E)x / –(C)nm– can be adjusted by nature and quantity of the components. 
 
Scheme 1: General reaction between a functional TM and an epoxide E, with A – 
anorganic component, C – organic component, F – functionality (e.g. NH2) reacts with 
E to form its covalent bond at A. The A–C bond is broken during the TP process. Prin-
cipally, the two reactions can take place simultaneously or consecutively which 
depends on both the molecular structure of the components and reaction condition. 
 
In this study the tetra functional epoxide monomer 4,4′-Methylenebis(N,N-diglycidylani-
line) (MDGA) was used in difference to the previous study.[146] It is expected that a 
higher degree of cross-linking takes place and thus the process of surface coating can 
be better performed. 
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The coating should be done wet-chemically, for which a dipping, spraying or knife coat-
ing is suitable analogously to the lacquer or sol gel application.[164] For this purpose, in 
a first step feasible coating solutions must be produced. Appropriate monomer solu-
tions were prepared using butyl acetate as solvent and then applied by means of a 
doctor blade. Details see later. As a result, reproducible twin polymerization layers 
(TPL) could be produced. The molecular structure of the hybrid layers is investigated 
independently by solid state 13C and 29Si nuclear magnetic resonance spectroscopy 
(NMR) of inorganic-organic hybrid materials. They were synthesized in melt using iden-
tical reaction conditions compared to the coating procedure. The Surface morphology 
and composition of the resulting coatings were studied by atomic force microscopy 
(AFM), scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy 
(XPS) as well as IR spectroscopy. The optical properties of the layers were examined 
by means of UV/VIS spectroscopy and ellipsometry. 
Materials and methods 
For twin polymerization 2-(3-amino-n-propyl)-2-methyl-4H-1,3,2-benzodioxasiline 
(APSI) was synthesized as published in literature[7] and 4,4′-methylenebis(N,N-diglyc-
idylaniline) (MDGA) was used as received (>98 %, TCI). Purity was checked by 
solution NMR studies. 
The solidified hybrid materials for the NMR analyzes were synthesized directly from 
the melt. The desired quantities of APSI and MDGA are mixed, stirred and heated up 
to 140 °C to form a homogeneous monolith. 
The coating solutions were prepared using APSI and MDGA in the desired ratio in butyl 
acetate (BuAc) (99,8 %, VWR Chemicals) as solvent. The total amount was 2 g in each 
case and the solid content 10 wt% (see Table 1). 
Table 1: Composition of the synthesized coating solution. 
Chemical m 1:1 [g] wt% 1:1 m 1:4 [g] wt% 1:4 m 1:16 [g] wt% 1:16 
MDGA 0.13 6.5 0.06 3.2 0.02 1.1 
APSI 0.07 3.5 0.14 6.8 0.18 8.9 




Further chemicals were of reagent grade and used as received. The so-prepared so-
lutions were stirred for 1 h at room temperature and subsequently applied with a 
coating knife (10 μm wet-film thicknesses). The working steps for fabrication the PET 
coated substrates include the following consecutive individual work steps (see Fig. 1): 
• fresh preparation of the monomer solution including aging 
• wetting of the PET substrate by the aged monomer solution 
• predrying the reactive monomer solution 
• final chemical polymerization reaction on the PET surface triggered by heat 
 
 
Figure 1: Schematic representation of the process sequence consisting of prepara-
tion of the coating solution, its application and heat treatment. 
 
The monomers MDGA and APSI were mixed while stirring for 15 min. Then the solvent 
BuAc was added and further stirred for 15 min. Subsequently 1 ml of the coating solu-
tion was used to create the wet-film with the coating knife. After predrying at room 
temperature for 5 min the polymerization was accelerated by supplying of heat. This 
was done in an oven at 120 °C for 1 h. 
The thickness of the dried layers was determined tactilely by means of profilometry 
with an Alpha-Step® D-600 from the KLA-Tencor Corporation. For this purpose, an 
interruption in the coating was prepared to create a height difference to the uncoated 




Solid state NMR spectra were measured using 9.4 T a Bruker Avance 400 spectrom-
eter equipped with double tuned probes capable of MAS (magic angle spinning). 
13C-{1H}-CP MAS-NMR spectra were measured at 100.6 MHz in 3.2 mm standard zir-
conium oxide rotors (BRUKER) spinning at 15 kHz. Cross polarization with a contact 
time of 3 ms was used to enhance the sensitivity. The recycle delay was 6 s. Spectra 
were referenced externally to tetramethylsilane as well as to adamantane as second-
ary standard (38.48 ppm for 13C). 
29Si-{1H}-CP-MAS-NMR spectroscopy was performed at 79.5 MHz using 3.2 mm ro-
tors spinning at 12 kHz. The contact time was 3 ms and the recycle delay 6 s. NMR 
shifts were referenced externally to tetramethylsilane (0 ppm) with the secondary 
standard being tetrakis(trimethylsilyl)silane (–9.8, –135.2 ppm). All spectra were col-
lected with 1H decoupling using a TPPM pulse sequence. 
AFM was used to obtain an overview of the received topologies. The MFP-3D Classic® 
from Asylum Research served for this. The coatings were applied on silicon wafers 
(Si). The generation of 2D and 3D images was done in non-contact mode in a meas-
uring range of 90 × 90 μm and 10 × 10 μm with a resolution of 256 × 256. The 
roughness analysis is based on Ra and Rq values in these areas. 
XPS spectra were acquired using the Axis Ultra DLD instrument from Kratos Analytical 
Ltd. with an Al KAlpha (1486.6 eV) as X-ray source. The survey spectra were meas-
ured on coated Si wafers with a pass energy of 160 eV with 3 sweeps at a 
measurement time of 300 s. The resolution was 1 eV and the take-off angle 90°. The 
data were corrected using aliphatic C–C bond at a binding energy of 285 eV. 
The UV/VIS measurement was performed on a Perkin Elmer Lambda 2 in the range 
between 190 and 1100 nm to get information about the transmission behavior. This 
was done directly with polymer films of PET (Hostaphan® from Mitsubishi Polyester 
Film, thickness 12 μm) as substrate and ambient air as reference. 
Results and discussion 
Molecular structure formation 
The step growth addition polymerization reaction of APSI with MDGA can produce di-




Scheme 2: Suggested molecular structure formations during crosslinking reactions of 
MDGA with APSI as function of stoichiometric equivalents 1:4 (left) and 1:2 (right). 
 
It is expected that the structure formation of the hybrid material depends on the stoi-
chiometry of the reactants, because resulting alcoholic OH group can also react with 
excess epoxide.[38,146] That is expected when the MDGA:APSI ratio is higher than 1:4. 
The suggested network forming reactions as function of monomer composition is 
shown in Scheme 2. 
The reaction of APSI and MDGA can generate three different polymer structures within 
the hybrid layer. First, a phenolic resin resulting from the organic moiety of the TM is 
generated by twin polymerization. Second, an amine epoxy composite is formed by 
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addition polymerization which is cross-linked via the polydialkylsiloxane chain seg-
ment, as third polymer, from the inorganic moiety of the TM. 
The degree of cross-linking and thus also the resulting layer properties strongly depend 
on the molar ratio of twin monomer and epoxide component. The amino group of APSI 
has a functionality of two, which means that one amino group can react with two epox-
ide rings in a ring opening addition reaction. Further, the inorganic unit in APSI has 
also the functionality of two and is able to form a linear polysiloxane which is cross-
linked through the amino function. MDGA delivers a functionality of four with four epox-
ide rings per molecule. 
Reactant mixtures of APSI and MDGA with three different molar compositions were 
investigated to prove whether the expected effects on molecular structure formation 
take place. Stoichiometric quantities of MDGA: APSI = 1:1, 1:4 and 1:16, respectively, 
have been considered. The examination of the molecular structure of network structure 
was carried out by means of solid state 13C and 29Si NMR spectroscopy on monoliths 
prepared in melt from these monomer compositions (see Fig. 2). 
 
 
Figure 2: 13C-{1H}-CP-MAS NMR spectra (left) and 29Si-{1H}-CP-MAS NMR spectra 
(right) of non-extracted monolithic hybrid materials produced from MDGA and APSI 
using different compositions of the reactants as shown inset. 
 
The formation of a ternary hybrid material can be clearly shown by 13C-{1H}-CP-MAS 
NMR spectroscopy for the three different compositions of reactants used. The signals 
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in the range of 110–140 ppm and at 158 ppm are related to o,o’- and o,p’- linked phe-
nolic resins. Also, the strong 13C signal around 0 ppm, which originates from the Si–
CH3 groups of the polydialkylsiloxane chain, proves the successful twin polymerization. 
In addition, the 13C NMR signal at 148 ppm, originating from the aromatic carbon atom 
directly linked to the nitrogen of aniline in MDGA, shows the successful reaction. Sig-
nals for non-reacted epoxide rings of MDGA would be found between 45 and 53 ppm. 
Those are completely missing in the hybrid materials. Therefore, all epoxy groups must 
have reacted either with the amino group of APSI or with hydroxyl groups formed from 
already opened epoxide rings. There are also further reactions possible such as of the 
phenolic resin OH groups or through transesterification reactions with the siloxane. In 
the case that an excess of APSI was used in the reaction mixture, solely the reaction 
between the epoxide and amino groups is expected because of the much higher reac-
tivity of the amine.[146] In the opposite case, if more epoxide rings are present than 
amino functions, as observed for molar ratio 1:1, then the epoxide rings could be 
opened by hydroxyl groups and different molecular structure moieties within the net-
work can be built. This feature can clearly be seen in the 29Si-{1H}-CP-MAS NMR 
spectra. The hybrid monoliths produced with an excess of APSI show explicit D2 sig-
nals at –21 ppm, that relate to polysiloxane chains. When a molar ratio of 1:1 of the 
reactants is used, an undefined 29Si NMR wide band signal is observed in the hybrid 
material. Additionally to the D2 signal, a D1 signal at –17 ppm and an upfield shifted 
signal at –30 ppm can be observed. This proves the assumption of a complex network 
structure with cross-linking between all three different polymer species as similarly ob-
served for the reaction of APSI with BADGE according to ref. [146]. Due to the different 
chemical environment of the silicon in the network when using the reactant ratio 1:1, 
the number of 29Si NMR signals expands. Importantly, the results from solid state 13C 
and 29Si NMR spectroscopy prove the complete conversion of the monomer reactants 
independently of the stoichiometry of the reactants used. 
In accordance to these results, the monoliths show no pronounced phase separation 
and the elemental distribution appears homogeneous on the micro scale. This is con-





Figure 3: AFM images of the surface (above) and phase image (below) of a monolith 
synthesized directly from the melt (MDGA: APSI = 1: 1). 
 
Coating procedure and surface morphology 
In order to be able to deposit a coating solution, first of all suitable solvents had to be 
determined. Because APSI is sensitive to water due to hydrolysis reaction, OH-free 
reagents such as dichloromethane (DCM), dimethylformamide (DMF), butyl acetate 
(BuAc) and tetrahydrofuran (THF) were initially tested in preliminary experiments. 
DCM or BuAc as solvent has been found useful to prepare a homogeneous solution of 
APSI and MDGA. Other solvents are unsuitable. However, the mixture with butyl ace-
tate was easier to apply because BuAc evaporates more slowly than DCM did and is 
not that harmful. This is also advantageous in the following heat treatment. Therefore, 
all the reaction mixtures were subsequently prepared with butyl acetate. These were 
further processed as already described (compare Section 2). Thus, coatings with three 
different contents of MDGA and a pure APSI layer as reference were generated on Si 
wafers. The molar ratio of twin monomer and epoxide corresponded to that of the mon-
oliths according to Section 3.1. The structure or rather the topology of the deposited 
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twin polymerization layers (TPL) differs considerably from that of the monoliths, which 
can be illustrated by means of AFM images (see Fig. 4). 
 
Figure 4: AFM images of the surface (above) and phase image (below) from coatings 
on Si wafer with a molar ratio MDGA:APSI = 1:1 a), 1:4 b) and 1:16 c). 
 
The roughness of the coating decreases with increasing APSI content and thus de-
creasing content of MDGA. This is due to the fact that the domains of the phase 
separation also shrink, whereby especially the rough, spherical-looking phase almost 
disappears. But especially in the phase image of the layer with the ratio 1:4, a second 
phase occurs which cannot be observed in the surface representation. This indicates 
the presence of another phase, which only differs from the matrix due to its hardness. 
The polymerization process seems to proceed sequentially if the reactants were dis-
solved in BuAc instead of mixing them directly. In this case, the polyaddition reaction 
between primary amine and epoxide group appears to be preferred at room tempera-
ture. Obviously, it runs faster than the twin polymerization which takes place 
consecutively. The epoxide amine reaction takes place already during the preparation 
of the coating solution at room temperature. The consecutive TP reaction is thermally 
accelerated only after the application of the coating solution during the drying step. 
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Hence, side reactions can occur with pre-crosslinked copolymers, which may not com-
pletely react to homopolymers according to the TP principle. 
This means that amine-epoxy composites can be preformed in the coating solution and 
these composites can then influence the formation of the polysiloxane and phenolic 
resin while the wet film dries. As a result, mixed phases form, which in turn cause 
individual domains in the TPL matrix. This would explain the morphology behavior at a 
molar portion of MDGA of 4. 
Based on the NMR results, side reactions between the epoxide components are also 
promoted with increasing MDGA content. Once all the amino groups have been satu-
rated by the glycidyl groups, unopened epoxide rings can react with OH groups formed 
before by ring opening. This fact apparently leads to the formation of further phases 
which differ from the basic material also in terms of morphology. These reach dimen-
sions of up to 6 μm at a molar ratio of MDGA:APSI of 1:1. 
However, the coating with low MDGA content (sample 1:16) is extremely smooth and 
seems to be very compact. But, the surface structure of coatings with more MDGA 
(sample 1:4 and 1:1) differs significantly from that of a layer without epoxide, which is 
shown in Fig. 5. 
 
Figure 5: AFM images of the surface (above) and phase image (below) of a pure APSI 
layer on Si wafer. 
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This supports the assumption that even small amounts of epoxide component in the 
coating solution can decisively influence the reaction cascade. And also, the thickness 
of the coatings increases as the content of MDGA increases. This is 136 nm for the 
APSI layer, 165 nm for 1: 16, 193 nm for 1: 4 and 387 nm for 1:1. 
 
Structure and optical properties of the coatings 
Accompanying the microscopic investigations, the chemical structure of the coatings 
was investigated. This was done using XPS for a pure APSI layer and coatings ac-
cording to Section 3.2 (see Fig. 6 and Table 2). 
 
Figure 6: Section of the survey XPS spectra of the hybrid layers. 
The peaks of the main components O 1 s (532 eV), N 1 s (400 eV), C 1 s (285 eV) and 
Si 2p (102 eV) were evaluated to assign the corresponding atomic portions in the layer. 
As a result, the oxygen and silicon content decrease with increasing MDGA content, 
while that of carbon increases. The highest nitrogen content has the sample 1:4 and it 





Table 2: Quantitative element composition data calculated from the survey XPS spec-
tra of the hybrid coatings and contents derived from the molecular formulas. 
Element [at.%] APSI APSItheo 1:4 1:4theo 1:1 1:1theo 
O 1 s 19.8 13.3 18.7 13.2 15.6 13.0 
N 1 s 5.4 6.7 6.3 6.6 5.3 6.5 
C 1 s 67.2 73.3 69.5 75.5 76.9 78.3 
Si 2p 7.3 6.7 5.6 4.7 2.3 2.2 
 
This is at least in line with the theoretical values that result from the molecular formulas 
in the absence of MDGA (APSItheo for just amine and phenolic resin by TP) as well as 
partial (1:4theo) or complete cross-linking with it (1:1theo) (compare Scheme 2). With 
exception of the nitrogen content, as this should decrease continuously, but only 
slightly. However, this could be attributed to oxygenated surface contaminants causing 
an increase in oxygen content as the carbon content decreases. This increases the 
measurement error for the distribution to the other components. 
These results support the qualitative assumptions from the solid state NMR spectra 
and agree with those from IR studies from preliminary studies. Thereafter, the organic 
network portion grows with increasing MDGA content and increasingly secondary and 
tertiary amines are formed. This promotes side reactions, which can be detected mi-
croscopically as phase separations. 
The influence of the coating composition on the optical properties was quantified by 
measuring the transmission of resulting polymer films. This was evaluated by UV/VIS 
spectroscopy. It was found that a pure APSI layer could increase the transmission of 
a PET film up to 2 % (see Fig. 7). 
The inclusion of the epoxy component decreases the transmission with increasing con-
tent of MDGA in agreement to the results presented above. But, the addition of 
epoxides should allow a defined control of other layer properties, such as hardness 





Figure 7: Transmission of coating films from APSI and MDGA as function of the epox-
ide content (left) and at 550 nm (right). 
 
However, at MDGA contents < 0.17 (molar ratio 1:5), the initial transmission value of 
the PET film is exceeded. This is due to the deposition of a layer with a lower refractive 
index than that of the substrate, which causes multiple refraction and reflection of light 
in the layer.[165] By adjusting the layer thickness, a destructive interference can be 
achieved, whereby the reflectivity of the coated substrate decreases.[166–168] Thus, the 
coating acts as a kind of collector, whereby the light is guided into the substrate. 
In this case, the refractive index of the PET film n(589 nm) is about 1.6[169] and that of 
the APSI layer n(550 nm) is 1.3 (this was determined by ellipsometry). According to 
the Fresnel formulas, the ideal refractive index for a coating n1 at the stated layer thick-
ness d550 nm would be defined as follows.[166–168] 
݊ଵ =  ඥ݊଴ ∙ ݊ଶ (1) 
݀ହହ଴ ௡௠ = ݇ ∙ ߣ଴4݊ଵ  (2) 
with n0 - refractive index of the surrounding medium, n2 - refractive index of the sub-
strate, O0 - considered wavelength and k - order. 
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Accordingly, n1 would be 1.26 for n0 = 1 (air) and n2 = 1.6 (PET) at a layer thickness of 
109 nm for λ0 = 550 nm and k = 1. Therefore, the index of the APSI layer is relatively 
close to the ideal value, especially when to other anti-reflective materials (e.g. MgF2, 
n = 1.38).[168] The applied layer thickness of 136 nm also nearly reaches the nominal 
value of 109 nm. Therefore, a high degree of destructive interference, i.e. antireflective 
effect of the coating could be expected. For the theoretical reflectance R without and 
with coating the following equations apply: 
ܴ = ቀ௡మି௡బ௡మା௡బቁଶ = ቀଵ,଺ିଵଵ,଺ାଵቁଶ = 5,3 % reflectivity without coating (3) 
ܴ = ቀ௡మ∙௡బି௡భమ௡మ∙௡బା௡భమቁଶ = ቀଵ,଺ିଵ,ଷమଵ,଺ାଵ,ଷమቁଶ = 0,1 % reflectivity with coating (4) 
The maximum enhancement was 2% instead of the theoretically possible 5%, which is 
quite comparable to commercial systems.[170] This could open applications in the fields 
of optical devices, solar cells and photovoltaics. 
 
Conclusion 
In this work a ternary hybrid material of the twin monomer APSI and the tetra functional 
epoxide MDGA was used to coat PET films and Si wafers for analytical purposes. For 
a better understanding of the molecular structure of the inorganic-organic hybrid coat-
ing, bulk materials produced with different molar ratios of reactants were investigated 
by means of solid state NMR spectroscopy. It could be proven that a complete conver-
sion of epoxy rings took place for all used reactant compositions. If there are more 
epoxide groups than amino functions the ring opening reaction additionally happens 
through hydroxyl groups which can be seen in the 29Si NMR. New signals in the up 
and downfield of the well-known D2 signal (polydialkylsiloxane) appear at the 1:1 ratio 
due to various cross reactions and therefore a changing chemical surroundings for 
silicon. However, for all molar ratios the formation of a ternary hybrid material could be 
observed without phase separation in the micrometer range. 
This is not the case for the wet-chemically deposited coatings. In these, the domains 
of the phase separation enlarge with increasing epoxide content up to 6 μm for a ratio 
APSI:MDGA = 1:1. This can be attributed to the fact that the reaction kinetics changes 
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in solution. With dissolved starting materials, a pre-crosslinking takes place via the 
amine of the twin monomer with the epoxide component. Only after the application of 
the coating solution, the twin polymerization is thermally accelerated. Due to the se-
quential course of the reactions, the homogeneity of the resulting hybrid material is 
affected compared to the simultaneous procedure in the bulk material. As a result, 
secondary phases can be detected by means of AFM, which differ from the matrix only 
by their hardness. 
In addition, cross-reactions occur as soon as the functionality of the epoxides exceeds 
that of the amines, as already mentioned. This leads to the formation of additional 
phases, which also differ in terms of morphology from the matrix and also reduces the 
transparency of the coatings at higher MDGA contents. With a pure APSI layer, the 
transmittance of the PET film can even be increased by 2 %, which is very advanta-
geous for optical applications. 
At a ratio APSI:MDGA = 1:5, the transmittance value of the coated film should reach 
that of an uncoated one. Advantageously, other properties of the coating layer, such 
as hardness, overall polarity and temperature resistance, can be readily adjusted with 





4 Zusammenfassung und Ausblick 
Die Zwillingspolymerisation kann mit der Chemie der Epoxide erfolgreich verknüpft 
werden. Dazu wurde das aminofunktionalisierte Zwillingsmonomer APSI mit BADGE 
in verschiedenen stöchiometrischen Verhältnissen umgesetzt. Mittels einfacher ther-
mischer Induzierung konnte ein neuartiges transparentes Hybridmaterial (vgl. 
Abbildung 13) bestehend aus einem Phenolharz und durch Epoxidharz vernetztes Po-
lydialkylsiloxan synthetisiert werden. 
 
Abbildung 13: Thermisch induzierte Polymerisation von BADGE und APSI und resul-
tierendem transparenten, nanostrukturierten ternären Hybridmaterial. 
 
Die Polymerisation wurde durch NMR-spektroskopische Reaktionsverfolgungen in Lö-
sung analysiert. Dadurch konnten die zeitlichen Abläufe der Gesamtreaktion in das 
Stufenwachstum durch die Amin/Epoxid Additionsreaktion und die Zwillingspolymeri-
sation aufgeteilt werden. Durch den Einsatz von Elektronenmikroskopie wurde gezeigt, 
dass die Elemente im Hybridmaterial die typische homogene Verteilung der Zwillings-
polymerisation aufweisen. Die molekulare Struktur der Hybridmaterialien konnte durch 
Festkörper-NMR-Spektroskopie aufgeklärt werden. Weiterhin wurde durch thermogra-
vimetrische Analyse gezeigt, dass die so gewonnenen Hybridmaterialien eine 
Hitzebeständigkeit von bis zu 300 °C aufweisen. 
Das Prinzip der Zwillingspolymerisation ist weiterhin für verschiedene Anwendungs-
möglichkeiten geeignet. Aufgrund der einfachen Synthese und der hervorragenden 
Eigenschaften hinsichtlich Härte und Stabilität, der mittels Zwillingspolymerisation her-
gestellten Hybridmaterialien, wurde das Gemisch APSI/BADGE in glas- bzw. basalt-
faserverstärkten Kunststoffen eingesetzt und mit dem handelsüblichen Härter IPDA 
verglichen. In experimentellen Versuchen konnten, durch das Einlegen von Gewebe-
matten in die Harzmischung und anschließendem Aushärten im Vakuum, nahezu 





Abbildung 14: Thermisch induzierte Polymerisation von BADGE und APSI mit Basalt-
faserverstärkung. 
 
Durch die Einbringung der Fasern war es möglich den Speichermodul beider Harze 
um das Sechsfache zu erhöhen. Die FKV mit APSI als Härter wiesen eine signifikant 
höhere Festigkeit im Vergleich zu IPDA sowohl mit Glas- als auch mit Basaltfasern auf, 
da die Faser/Matrix-Anbindung bei APSI stärker ausgeprägt ist. Auch die thermische 
Beständigkeit konnte durch die Einbringung der Fasern verbessert werden. Das Prin-
zip der Zwillingspolymerisation ist für die Herstellung von faserverstärkten Kunststoffen 
nicht nur geeignet, sondern im Fall von APSI dem technischen Standard überlegen. 
In weiteren Anwendungsversuchen wurden dünne Schichten einer Mischung aus APSI 
und dem vierfach-funktionellen Epoxid MDGA auf PET-Folien und Si-Wafern aufge-
bracht. Im Fall der Polymerisation aus der Schmelze konnten ternäre Hybrid-
materialien erhalten werden, welche für die Zwillingspolymerisation typische homo-
gene Elementverteilungen und Domänengrößen aufweisen. Im Gegensatz zu den 
monolithischen Proben in Schmelze konnte bei nasschemischer Auftragung mit an-
schließender Polymerisation eine Phasenseparation nachgewiesen werden. Die bis zu 
6 Pm großen Domänen entstehen wahrscheinlich durch Vorvernetzung der Amin- und 
Epoxidgruppen in Lösung. Die Zwillingspolymerisation wird hingegen erst später ther-
misch induziert. Durch den sequentiellen Ablauf der Reaktionen konnte so keine 
homogene Mischung erhalten werden. Bei einer mit homopolymerisiertem APSI be-
schichteten Folie konnte eine Erhöhung der Transmission um 2 % gemessen werden. 
Weiterführende Arbeiten könnten diesen Ansatz verfolgen und die Materialien für op-
tische Anwendungen wie beispielsweise Linsen anpassen. 
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Die Zwillingspolymerisation ist für die Frontalpolymerisation geeignet. Erstmalig wurde 
durch den Einsatz eines Katalysatorsystems bestehend aus einem Iodoniumsalz und 
einem thermisch labilen Initiator die Zwillingspolymerisation von SPIRO durch Ein-
strahlung von Licht (380–515 nm) initiiert (Abbildung 15). Die Polymerisationen 
erfolgten aus der Schmelze es konnte mit einer Initiatorkonzentration von 1 mol% eine 
mit 5 cm/min gleichmäßig laufende Polymerisationsfront erzeugt werden.  
 
 
Abbildung 15: Schematische Darstellung der radikal-induzierten kationischen Fron-
talpolymerisation von SPIRO und BADGE (TPED = 1,1,2,2-Tetraphenylethandiol, 
IOC-SbF6 = p-(Octyloxyphenyl)phenyliodoniumhexafluoroantimonat). 
 
Die molekulare und morphologische Struktur der erhaltenen transparenten Hybridma-
terialen ist identisch mit der von säuere-katalysiert polymerisiertem SPIRO. Durch 
elektronenmikroskopische Aufnahmen konnte die für die Zwillingspolymerisation typi-
sche Nanostrukturierung der organischen und anorganischen Komponenten im 
Bereich von 0.5–3 nm nachgewiesen werden. 
Die Kombination von Zwillingspolymerisation und radikal-induzierter kationischer Fron-
talpolymerisation der Monomere SPIRO und BADGE führt zu ternären 
organisch/anorganischen Hybridmaterialien. Dies ist die erste bekannte Methode, in 
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der durch Licht initiiert in situ nanostrukturiertes Siliziumdioxid, generiert werden kann. 
Der Füllstoffgehalt kann bei derartigen Polymeren auf bis zu 22 % erhöht werden und 
ist nicht, wie beim vorherigen Einbringen des Füllmaterials, durch Abschirmung des 
Lichts auf ca. 3 % begrenzt.[151] Die radikal-induzierte kationische Frontalpolymerisa-
tion eignet sich somit zur Synthese von Materialien die hohen mechanischen 
Belastungen standhalten müssen. Die Reaktionsart liefert eine Möglichkeit Bauteile 
auch in unzugänglichen Bereichen zu polymerisieren, da die Reaktion an einer Stelle 
gestartet werden kann und sich die Reaktionsfront ohne zusätzliche Wärmezufuhr 
gleichmäßig in alle Bereiche ausbreitet. 
Die Synthese von ternären Hybridmaterialien kann durch verschiedenste Epoxide er-
folgen, deren Reaktivität und anschließende Strukturbildung in zukünftigen Arbeiten 
untersucht werden kann. Neben den hier verwendeten zwei- und vierfach funktionalen 
Epoxiden sind auch polyfunktionale Epoxide, wie z.B. Polyglycidylmethacrylat, denk-
bar. Durch die Umsetzung mit APSI könnten so quartäre Hybridmaterialien bestehend 
aus Amin/Epoxidharz, Phenolharz, Polydialkylsiloxan und Polymethylmethacrylat syn-
thetisiert werden (Abbildung 16). Durch den Einsatz von Copolymeren, bestehend aus 
PE und Polyglycidylmethacrylat, sind möglicherweise über die Zusammensetzung des 
Polymers die mechanischen Eigenschaften im Bereich Härte und Biegsamkeit variabel 
einstellbar und können somit an den jeweiligen Anwendungsbereich angepasst wer-
den. 
 
Abbildung 16: Mögliche Bildung eines Hybridmaterials mit einstellbaren mechani-




Weiterhin könnten durch die Verwendung von Zwillingsmonomeren mit mehr als einer 
Aminogruppe Hybridmaterialien synthetisiert werden, die eine höhere Vernetzungs-
dichte aufweisen. Im Bereich der FKV kann so die Glasübergangstemperatur erhöht 
werden, wodurch ein Einsatz als Brandschutzbeschichtung möglich ist. Basaltfasern 
verbrennen auch bei hohen Temperaturen nicht und sind daher im Gegensatz zu Koh-
lenstofffasern toxikologisch unbedenklich. Zusätzlich haben sie den Glasfasern 
gegenüber überlegene mechanische Eigenschaften. In Kombination mit der in dieser 
Arbeit synthetisierten Hybridmaterialmatrix eignen sie sich auch für Leichtbaukonstruk-
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